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Chapter 1
Introduction
1.1 Background
In the last few years, there has been considerable effort in understanding the
chemistry of shock heated air, which is justified by the renewed interest of
NASA and ESA for the space exploration, aiming at transporting humans to
the Moon and eventually Mars. Indeed, one of the most important phases,
common to all the manned mission, is the re-entry into Earth’s atmosphere.
The space vehicles, interacting with the atmosphere at near-orbital or
super-orbital speeds, are subjected to a strong deceleration. Typical en-
try velocities, higher than 10 km/s, in the case of lunar return, exceed the
speed of sound in the atmosphere and Mach numbers larger than 40 are
encountered. Thus, a strong bow shock is formed in front of the vehicle,
which converts the massive amount of the free stream kinetic energy into
translational energy of the gas. A rough estimation of the total energy per
unit mass of gas can be obtained considering as example a typical Apollo
lunar return mission. If we assume a re-entry speed of 11 km/s, the result-
ing specific kinetic energy V 2∞/2 exceed 50 MJ/kg. Thus the conversion of
such energy into translational energy of the fluid particles yields to chemical
reactions (dissociation, ionization) in the gas behind the shock, owing to the
strong molecular collisions.
Also, the inter-particle collisions, besides producing chemical changes in
the gas, promote energy exchanges among the various internal modes of
atoms and molecules. Generally speaking, the re-distribution of energies
among internal states and chemistry in the gas is a function of the colli-
sional history, being the characteristic collision time scale comparable to
the convective time scale. Such physico-chemical state of the gas, usually
referred to as nonequilibrium state, constitutes the focus of this analysis.
Furthermore, if the number of collisions that the gas experiences, while
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crossing the shock-layer1, is negligibly small or in contrast it is overwhelm-
ingly large, two themochemical regimes referred to as frozen or equilibrium
flows respectively, can be defined.
Near the surface, the boundary layer, developed as a consequence of the
viscous dissipation, induces a high energy flux, which strongly depends on
the thermochemical state of the gas within the shock-layer. Furthermore at
high re-entry speeds, a significant portion of the heating experienced by the
spacecraft can be due to thermal radiation. Indeed, the spontaneous de-
excitation of the internal (electronic, vibrational and rotational) quantum
states of molecules and atoms, yields to emission of energy in the form of
electromagnetic radiation, which is highly influenced by the distribution of
atoms and molecules among their internal energy levels. Thus, the predic-
tion of the heat fluxes strongly depends on the completeness and accuracy
of the physical model used to describe nonequilibrium phenomena. Hence,
in order to design the Thermal Protection Systems (TPS), which is designed
to prevent the excessive heating of the vehicle, an accurate modeling of the
thermochemical state of the gas is required.
The characterization of the re-entry flows often relies on a combined ap-
proach, based on numerical simulation as well as ground testing [44]. Ground
test facilities, such as shock tunnels, arc-jets or inductively coupled plasma
torches, are designed to generate high enthalpy flows to reproduce, at least
in part, the flow conditions experienced by the space vehicles during the
re-entry phase. The high enthalpy flows, produced by means of electromag-
netic discarge (in arc-jets or plasmatrons) or resorting to impulse heating
(in shock tunnels) are often accelerated using nozzles to meet the desired
test conditions. Sometimes, however, within the nozzle, the thermodynamic
conditions change so rapidly that nonequilibrium effects may develop and
cause several undesirable effects in the testing of models [132]. Only the
knowledge of the nature and extent of the nonequilibrium phenomena in an
expansion, allows to predict those effects and correct them.
The state of the gas, i.e. the concentration of the gas species and distri-
bution of their internal energy level populations, can be estimated by means
of either multitemperature models [33, 69, 138], or collisional radiative (CR)
models [20, 38, 107, 138].
1The part of the physical and computational domain bounded by the bow-shock and
the wall of the vehicle. See Figure 1.1
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Figure 1.1: Schematic of the flowfield surrounding a capsule during the
(re-)entry phase in a planetary atmosphere: (red line) recombination, (black
line) ionization (courtesy of NASA).
In the case of multitemperature models, extensively discussed in [138],
statistical mechanics provides an expression for the most probable distri-
bution among the energy levels, i.e. the Maxwell-Boltzmann distribution.
Hence, the physico-chemical properties of the air flow are obtained by as-
suming that the population of each internal energy mode follows a Maxwell-
Boltzmann distribution at a specific temperature. In order to calculate these
temperatures and the energy exchanged between all the energy modes (i.e.
translational, rotational, vibrational, and electronic), conservation equations
for the internal energy modes in thermo-chemical nonequilibrium are added
to the classical set of conservation equations for mass, momentum and total
energy. It is important to mention that multitemperature models are easy
to implement in multidimensional flow codes and have been used extensively
in the literature so far [24, 95, 138, 158, 166, 167].
However, at high re-entry speeds and low pressure conditions, nonequi-
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librium processes (e.g. nonequilibrium ionization, as discussed in the next
section), are expected to affect the internal distribution function, which
may significantly depart from Maxwell-Boltzmann distribution, thus mak-
ing the multitemperature models not applicable. The same is true for the
gas rapidly expanding in ground test facilities [47] or the plasma gener-
ated by means of electromagnetic discharges, where although the typology
of nonequilibrium may be significantly different from the one occurring in
re-entry flow, the distribution still deviates from Maxwell-Boltzmann [150–
152]. Hence, in contrast to the near equilibrium situations, where the notion
of one or more temperatures controls everything, an accurate description of
flows, in strong nonequilibrium, is much more complicated. Thus, the use of
Collisional-Radiative (CR) models, originally developed by Bates et al. [8],
is required. The CR models take into account all relevant collisional and ra-
diative mechanisms between the internal energy levels of the different species
present in the flow. They constitute a valid alternative to the multitempera-
ture models in that they account for deviations from the Maxwell-Boltzmann
distribution, thus exhibiting a larger range of applicability. By increasing
order of complexity and computational time, three kinds of CR models can
be distinguished for air: electronic [27, 28, 30, 93, 138, 159, 171], vibrational
[29, 31, 35, 38, 43, 47, 139, 150–152], and rovibrational state-to-state mod-
els. In electronic state-to-state models, transitions between the electronic
states are considered and the rovibrational levels of the molecules are popu-
lated according to Maxwell-Boltzmann distributions at temperatures Tv and
Tr. In vibrational state-to-state models, transitions between the vibrational
states of the molecules are also considered and only a rotational tempera-
ture is defined. For both types of models, intensive requirements in terms of
computational power do not allow for efficient implementation in multidi-
mensional codes, most calculations are thus performed by means of 0D and
1D flow solvers. Finally, in rovibrational state-to-state models, no internal
temperature is required. It is interesting to note that rovibrational models
have not been proposed so far, due to the computational power limitations
and lack of knowledge of the reaction rates.
1.2 Modeling of nonequilibrium flows
The chemical constituents of a gas mixture, referred to as species, consist of
atoms, molecules and possibly charged particles, which can be subdivided
in free-electrons and ions.
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Owing to the large number of particles (atoms and molecules) present
in the mixture of gases under investigation, a microscopical description of
the gas, in terms of velocity, position and internal state of every particle
is unattainable. This justifies the use of a statistical approach, which gives
the average behavior of the system under investigation. Furthermore, con-
sidering that, in our gas model, the internal state of any atom or molecule
is independent on the translational velocity, owing to the separability of
the Hamiltonian operator in the Schro¨dinger’s equation [68], it is possible
to adopt a separate description for the fraction of gas energy 2, linked to
the translational motion (Ti ) and the energy due to excitation of internal
structure of the particles, (Inti ).
Thus, following a statistical approach, we define, fi(~r,~ci, t) as the velocity
distribution function [60, 176], which yields the probability of finding an i-
particle at a certain location ~r, with a certain velocity ~ci at the time t in the
phase space. In other words, the quantity fi ~dr ~dc, represents the number of
i-particles, enclosed in a volume ~dr located at ~r, whose velocity is contained
in the element ~dci about velocity ~ci at time t.
The evolution of the distribution function is provided by the solution of the
Boltzmann equation [60, 113, 176] and its expression for a gas in equilibrium
state, with no gradients in composition, velocity and temperature, is given
by the well-known Maxwellian distribution fMi , which reads
fMi = Ni
(
mi
2pikBTi
)3/2
exp
(−miC2i
kBTi
)
(1.1)
where Ni is the number density of the species i, mi and Ti indicates the
mass and the temperature of the ith particle respectively, kB is the Boltz-
mann constant, ~Ci is the peculiar velocity, linked to the thermal motion of
the molecules, and it is given by difference between the ith species particle
velocity, ~ci, and the mixture average velocity ~u.
Thus, the assumption of Maxwellian distribution allows for the definition
of the translational temperature of the species in the gas. In general, with
the only exception of free electrons, the temperatures of the different species
in the mixture thermalize rather quickly (i.e. Ti = T ), owing to the efficient
2In literature the sum of the kinetic (translational motion of the molecules) and the
internal (rotational, vibrational and electronic energy) contribution of the energy of
molecules and atoms is referred as internal energy. In this manuscript we keep the
separation among kinetic and internal energy.
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energy exchanges among particles having comparable masses.
On the contrary, free electrons, whose mass is about 10 000 smaller than the
other species, may be found in thermal nonequilibrium (i.e. Ti = Te 6= T ),
being governed by a Maxwellian distribution at a different temperature. Al-
though not considered in this work, it is important to mention that, nonequi-
librium effects in the electron energy distribution function may arise, when
electric fields are present in the flow or in expanding gases, as a result of de-
activation transitions among the vibronic-states [34]. The non-Maxwellian
description of the kinetics of the free-electrons requires, in this case, the so-
lution of the Boltzmann equation, as proposed by Capitelli et al. in Ref. [35].
When coming to the description of the internal structure of the gas, we
have the choice, of assuming a normal distribution among the internal lev-
els, or we can refrain from the use of equilibrium distribution, resorting to
a kinetic approach.
In the case of Maxwell-Boltzmann equilibrium from statistical mechanics,
the fraction of particles, fαi , of the chemical species i in the quantum state
α, is given by:
fαi =
Nαi
Ni
= gαi
exp
(
− αIntkBTInt
)
QInt i
(1.2)
where Ni is the number density of the species i and QInt i indicates the parti-
tion function [176]. Thus, the knowledge of the chemical composition (molar
or mass fractions) of the i species is sufficient to characterize the internal
state of the gas, provided that the pressure and internal temperature (or
temperatures), (TInt) are known.
If the internal state of the gas deviates from the equilibrium distribution,
a kinetic approach is to be adopted. To this end, since each of the internal
states of a chemical constituent can be distinguished from the others using
the notion of quantum number, we may extend the idea of chemical species
to include, not only the true chemical nature of the constituent, but also its
internal state. In other words, indicating the internal quantum number with
α, the chemical species in the quantum state α is considered as a separate
chemical species, referred to as pseudo-species in the following. In this case
the internal distribution is a result of the detailed kinetic processes occur-
ring among the pseudo-species.
Chapter 1. Introduction 9
Owing to the large number of levels, which characterize the internal struc-
ture of atoms and molecules, a detailed treatment of each single quantum
state is not feasible because of the computational cost and the lack of an
adequate kinetic database. Hence, adopting a hybrid model, we rely on
the Maxwell-Boltzmann distribution to describe rotational and vibrational
structures of the molecules, as opposed to the electronic states, which are
considered as pseudo-species and assumed to be governed by detailed kinet-
ics.
To this end, we divide the internal energy of the molecules in three con-
tributions: electronic, vibrational and rotational, indicating the quantum
numbers of each energy level with e, v and J . Furthermore, the assumption
of equilibrium distribution within the rotational and vibrational energy lev-
els allows us to indicate the fraction of particles in the i(v, J) energy state
of the electronic level e, as follows:
fei (V, J) =
Ni(v, J)
Ni,e
= gJ
exp
(
− vkBTV
)
QV
exp
(
− JkBTR
)
QR
(1.3)
where i indicates the species or the pseudo-species, TV , and TR are (respec-
tively) the vibrational and the rotational temperatures and Q indicates the
partition function [176]. Furthermore, we indicate with Ni,e the number
density of the electronic state e of the species i and with v and J the
vibrational and rotational energy of the particle. Thus, the knowledge of
the species composition, pressure and temperatures T , TV , TR, becomes
sufficient to determine the state of the gas, provided that the population
of the pseudo-species is calculated resorting to a detailed kinetic approach.
The atomic species, in contrast to the molecules, do not have rotational and
vibrational internal modes, therefore the determination of their internal en-
ergy does not require the definition of any internal temperature.
The main difference in the two approaches briefly outlined lies in the def-
inition of the mixture and kinetic processes of the gas, which are restricted
to the chemical constituents in multitemperature models and extended to
the internal states in Collisional Radiative models. Indeed, while multitem-
perature models require no information concerning the detailed chemistry
describing the internal excitation, being the repartition among the inter-
nal quantum states provided by the Maxwell-Boltzmann distribution, Col-
lisional Radiative methods directly provide some information on the popu-
lation of the internal quantum states as a result of detailed kinetics.
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Illustrative example
An illustrative example of the typical nonequilibrium population distribu-
tion of the electronic states of the atoms is depicted in Figure 1.2. In the
sketch, the number density of the population of the excited states divided
by the degeneracy (log10 (Ne/ge)), (indicated as normalized population), is
plotted against energy levels. The energy distribution is depicted for two
Figure 1.2: Electronic population distribution in ionizing (black curve)
and recombining plasmas (red curve).
nonequilibrium conditions: the lower curve (black curve) is characteristic of
compressing flows as opposed to the upper curve (red curve), which repre-
sents the distribution in recombining situation such as boundary layer flow
or expanding flow. The CR model, in both cases, predicts strong departures
from the Maxwell-Boltzmann distribution for the high-lying excited states,
which are distributed according to the Saha-Boltzmann distribution. How-
ever, while the ionizational nonequilibrium leads to a strong depletion of the
excited states of the atomic species, the recombining situation induces an
overpopulation of the high-lying excited states. Owing to the high efficiency
of the ionization (recombination) processes involving the high-lying states,
with respect to the excitation (de-excitation) and ionization (recombina-
tion) processes involving low lying states, the upper excited states, close
to the ionization limit, first tend to reach Saha equilibrium with the free
electron, before reaching Maxwell-Boltzmann equilibrium with the lower
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states [86, 106].
1.3 Scope and overview of the thesis
This research project addresses the modeling of high temperature non equi-
librium flows such as those obtained behind a strong shock wave or generated
in high enthalpy ground test facilities. The knowledge gained during for-
mer aerospace missions allows for the key role of CFD simulations, in the
development of hypersonic applications, to be highlighted in strong inter-
action with ground testing. The relevance of these simulations is linked to
aerothermochemistry features such as high-temperature gas effects in hy-
personic flows, in particular in the boundary layer. For instance, the design
of the heat shield used to protect spacecraft is based on the estimation of
the heat fluxes to the vehicle surface by means of experimental and numer-
ical resources. CFD predictions of these quantities strongly rely upon the
accuracy of the model used to describe the flow.
The model, developed within this project will be employed to study the
behavior of the electronically excited states of atoms and molecules in post
shock condition and in expanding flows. The aim of this project is to the
develop a reduced mechanism for CFD applications, allowing accurate pre-
dictions of the nonequilibrium plasma flows by combining the computational
efficiency of the multitemperature models and the accuracy of the more so-
phisticated CR models.
The manuscript is divided into three parts:
The first part of the manuscript discusses the multitemperature methods
for the simulation of the nonequilibrium flows. Chapter 2 describes the
governing equations used in CFD and the two simplified one-dimensional
flow-solvers employed in the simulation of the flowfield behind a normal
shock and within nozzles. Chapter 3 discusses the thermodynamic models,
commonly used in literature, which are based on the simplifying assump-
tion of harmonic oscillator and rigid rotator. A detailed comparison of such
approximated models with the more sophisticated and innovative model of
Jaffe [91], facilitates the discussion of their limits of applicability. The mod-
els used to account for chemistry and energy exchange terms within the
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internal energy modes are given in Chapter 4.
Chapter 5 closes this part of the manuscript describing the validation of
multitemperature models, by means of the simplified shock code and the
quasi-one dimensional nozzle code. One of the main purposes of the chapter
is to demonstrate how simplified models can give a reasonable representa-
tion of the flowfield in compressing or expanding situations.
The second part of the manuscript describes the modeling of the nonequi-
librium flows of molecules and atoms, by means of Collisional Radiative
models. In Chapter 6 the populations of the electronic states of the atomic
species is obtained modeling the population and depletion of the atomic
states, through collisional and radiative processes. Generalities concerning
elementary processes, grouping of the levels and the formulation of the mas-
ter equation are given in details in the first part of the chapter.
Next, the investigation of the behavior of the excited electronic states of
atoms in the relaxation zone of one dimensional air flows is presented. The
model employed for the analysis was developed by Dr. A. Bultel and Dr.
A. Bourdon and it is referred to in the following as abba model [27, 136].
The last part of the chapter is devoted to the analysis of the shock tube
experiments carried out in the EAST shock tube. The comparison to ex-
perimental data allows for a validation of the Collisional Radiative model
for the atomic species. Chapter 7 addresses the modeling of the post shock
relaxation of atomic and molecular species by means of an electronically
specific collisional radiative model. Furthermore the same model is used to
investigate the deviations from the Maxwell-Boltzmann distribution occur-
ring in the expanding flow of the VKI minitorch facility. In Chapter 9 the
use of the accurate CR model allows to develop a simplified model with a
reduced number of levels to be applied to multidimensional CFD solver.
The third part of the manuscript is devoted to application of the multitem-
perature and CR models developed in the first two parts to an unstructured
Navier-Stokes solver extended to the chemically reacting flows in the frame-
work of this project in collaboration with Dr. A. Lani, responsible for the
development of the numerical methods.
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1.4 Publications related to the thesis
The theoretical findings and the results presented in the dissertation have
led to the following publications in international journals [132, 135, 136]:
• M. Panesi, P. Rini, G. Degrez, and O. Chazot. Analysis of chemi-
cal non-equilibrium and elemental demixing in the VKI plasmatron.
Journal Thermophysics and Heat Transfer, 21(1):57-66, 2007.
• M. Panesi, T. Magin, A. Bourdon, A. Bultel, and O. Chazot. Analy-
sis of the Fire II flight experiment by means of a collisional radiative
model. Journal of Thermophysics and Heat Transfer, 2009. Accepted
for publication.
• M. Panesi, T. Magin, A. Bourdon, A. Bultel, and O. Chazot. Behavior
of the molecular species predicted by a Collisional-Radiative model in
the case of the Fire II experiment. Journal of Thermophysics and Heat
Transfer, 2009. Under submission.
• M. Panesi, T. Magin, A. Bourdon, A. Bultel, and O. Chazot. Colli-
sional radiative modeling in flow simulation. RTO-EN-AVT-162 VKI
lecture series, 1(1), 2008.
The work carried out at Stanford University in the framework of the CTR
Summer program 2008 in collaboration with the researchers of NASA Ames
research center has led to the following publication:
• A. Bourdon, M. Panesi, A. Brandis, T. Magin, G. Chaban, W. Huo, R.
Jaffe, and D. W. Schwenke. Simulation of flows in shock-tube facilities
by means of a detailed chemical mechanism for nitrogen excitation
and dissociation. Center for Turbulence Research, Proceedings of the
Summer Program 2008.
Further published material includes several contributions to conference
proceedings [53, 129–131, 133, 134, 155]. In addition, as a result of the
research conducted during this thesis, several articles are under prepara-
tion concerning additional results and theoretical findings presented in this
manuscript:
• M. Panesi, Y. Babou, and O. Chazot. Predictions of nonequilibrium
radiation: analysis and comparison with east experiments. Presented
at 40th Thermophysics Conference, pages AIAA-2008-3812, Seattle,
Washington, June 23-26
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• M. Panesi, A. Munafo, O. Chazot. Modeling of the supersonic plasma
flows in the VKI Minitorch by means of a Collisional Radiative model.
Presented at 6th European Symposium on Aerothermodynamics for
Space Vehicles, France. 3-6 November 2008
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Chapter 2
Governing equations
In this chapter, we present the governing equations used to describe mul-
ticomponent, multitemperature, chemically reacting, relaxing and emitting
flows. The detailed derivation of the equations used in this work is omitted,
limiting ourselves to a brief analysis of the fundamental assumptions under-
lying the mathematical construct employed. Further information concerning
the derivation can be found in Ref. [67, 69, 74, 108, 176].
The chapter is arranged in the following manner. The governing equa-
tions, describing the behavior of plasma flows, are detailed in Section 2.1,
whereas a brief review of the models used to estimate the transport fluxes
is provided in Section 2.2. The last part of the chapter is devoted to dis-
cussion of the one dimensional models and describing the thermo-chemical
relaxation of the plasma behind a normal shock or within a nozzle (Section
2.3).
Throughout the analysis to be presented, the gas is considered a con-
tinuum medium and hence it is described using the Navier-Stokes model,
complemented by additional equations to account for the effects induced by
chemical reactions and internal energy relaxation. The continuum Navier-
Stokes equation model can be applied only when the gradients of the macro-
scopic variables have much larger characteristic length than the mean free
path λ . We define the gradient-length local Knudsen number as
(Kn)GLL =
λ
ρ
∥∥∥∥∂ρ∂`
∥∥∥∥ (2.1)
where ~` is the direction of the steepest density gradient. Ref. [164] shows
Navier-Stokes equations are limited to flows with a Knudsen number of 0.05
or less. The most popular numerical method for simulating high-speed,
high Knudsen number (rarefied) flows is the Direct Simulation Monte Carlo
(DSMC) particle method developed by Bird [12]. Furthermore, when only
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parts of the computational domain exhibit large Knudsen numbers, hybrid
methods, based on both a kinetic and continuum approach can be used [160].
The modified set of Navier-Stokes equations, often referred to in literature
as multitemperature model [24, 95, 138, 158, 166, 167], is not mathematically
closed since it requires the modeling of the transport fluxes (shear viscosity,
heat-flux and diffusion fluxes), a proper definition of the internal energy and
the characterization of the source terms accounting for chemical reactions
and energy relaxation in the fluid. Thus the physical description incor-
porates various physical and mathematical models, discussed in the next
chapters: transport properties, thermodynamics and thermo-chemistry.
The modeling of the transport of momentum, energy, and mass in high-
temperature gases (described in Chapter 2.2) is obtained with the method
of Chapman and Enskog [85] and it is based on the work of Magin [114]. An
alternative approach is given by the irreversible thermodynamics [67] which
provides phenomenological relations avoiding the overwhelming mathemati-
cal cumbersomeness and complexity of kinetic theory. However this formal-
ism, because of its lack of description of the microscopic physics, does not
allow for the determination of the transport coefficients, needed in the final
expression of the fluxes.
Semi-classical statistical mechanics, using quantized energy levels and
Boltzmann statistics allows us to define the thermodynamic properties, de-
scribing the energy of the different internal energy modes, i.e. translational,
electronic, rotational, vibrational1. Thus, in the multitemperature models,
the physico-chemical properties of the gas are obtained by assuming that,
for all the species, the population of each internal (rotational, vibrational, or
electronic) mode follows a Boltzmann distribution at a specific temperature
(Tr rotational, Tv vibrational, or Te electronic temperature, respectively).
Also, high temperature gases, in the range of pressure and temperature we
are interested in, are composed of different chemical species, which can be
divided in two categories: neutral and ionized species. Among the ionized
species we can distinguish between electrons and ions. Owing to their weak
mass, the electrons are often referred in the manuscript as light particles as
opposed to the other species in the mixture often termed heavy particles.
Each component of mixture behaves with good approximation as a perfect
gas, given the high temperatures and low pressures conditions that charac-
1Note that the internal energy of the atoms is restricted to translational and electronic.
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terize the flow around a space vehicle during the (re-)entry phase.
Thermo-chemistry provides the mass production terms, modeled accord-
ing to the Law of mass action [176], where macroscopic rate coefficients are
assumed to depend on an empirical temperature, function of the different
temperatures in the flow, and energy exchange terms are often based on
very simplified physical model (e.g. harmonic-oscillator).
2.1 Multitemperature model: set of equations
A numerical model to simulate high temperature gases for re-entry applica-
tion is presented in this section. The model includes a continuity equation
for each species included in the mixture, the momentum equation, the total
energy conservation, a vibrational energy conservation for each molecule2,
as well as a separate equation for the free-electron electronic energy.
In literature the TTV model of Park [138] is widely used owing to its
simplicity and computational efficiency. Such model can be considered a
particular case of multitemperature model and can be obtained summing
up the vibrational energy equations and the free-electron electronic energy
equation. As a result the relaxation of the internal energy modes, with the
exclusion of the rotational energy, is described only by one additional energy
equation.
Mixture parameters
The characterization of the thermodynamic state of chemically reacting
gases requires the knowledge of pressure, temperatures (kinetic and inter-
nal) and composition. In this section we introduce the physical quantities
used throughout the manuscript to express the composition in a gas mixture.
The mass fraction of the ith component, yi, in the mixture and is given
by the ratio of the species mass density ρi and the mixture mass density
ρ =
∑
i∈S ρi.
yi =
ρi
ρ
, i ∈ S (2.2)
2Usually the set of equation for the different molecules is restricted to the neutral
molecules in the mixture, i.e. N2, NO, O2
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where S indicates the set of indices of the species present in the mixture.
Furthermore in equation 2.3, we define the molar fraction, xi:
xi =
ni
n
=
Ni
N
(2.3)
where ni indicates the number of moles of species i and n the total number
of moles. Ni is the number density and it is easily obtained knowing that
Ni = niNA where NA is Avogadro’s number.
By definition mass and molar fraction respect the following constraint∑
i∈S
xi = 1 and
∑
i∈S
yi = 1 (2.4)
and they are related by the following expression
yi =
Mi
M
xi (2.5)
where Mi is the molar mass of the ith species and M =
∑
i∈S xiMi is the
mixture molar mass.
2.1.1 Species continuity equations
In order to describe the evolution of the gas composition, the set of Navier-
stokes equations is complemented by additional equations expressing the
conservation of the species present in the gas mixture:
∂ρi
∂t
+∇ ·
(
ρi~u+ ~Ji
)
= ω˙i, i ∈ S (2.6)
where ρi is the species mass density and ω˙i is the mass production term
(described in Chapter 4), i.e. it describes the rate of production or depletion
of the ith species due to chemical reactions and ~Ji is the diffusion flux (see
Chapter 2.2). Summing up all the species continuity equations, we retrieve
the global mass conservation equation, since the sum of the mass production
terms as well as the sum of the diffusive fluxes is zero:∑
i∈S
ω˙i = 0 (2.7)
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∑
i∈S
~Ji =
∑
i∈S
ρi~Vi = 0 (2.8)
where ~Vi indicates the diffusion velocity. Equation 2.7 enforces the physical
fact that there is no net destruction or production of matter inside the mix-
ture. Equation 2.8 means that the total mass does not diffuse, i.e. there are
only (NS − 1 : S = {1 ,...,NS}) independent diffusive fluxes.
The global mass conservation equation expresses the global conservation
of mass in the system
∂ρ
∂t
+∇ · (ρ~u) = 0 (2.9)
where ρ is the global density and ~u is the mean velocity of the mixture.
Equations of state
Each heavy component of the mixture is governed by the perfect gas law
pi = ρi
R
Mi
T, i ∈ H (2.10)
where H indicates the set of indices of the heavy particles, Mi is the molar
mass of the ith species in the mixture, R is the universal gas constant and
with Ri = R/Mi we refer to the specific gas constant. When electrons are
present in the mixture we have
pe = ρe
R
Me
Te with Te 6= T (2.11)
where pe is the partial pressure of the free electrons assumed to be out of
equilibrium with the kinetic temperature of the heavy particles. The pres-
sure of the mixture can be easily retrieved from the Dalton’s law
(
p =
∑
i∈S pi
)
which yields the perfect gas equation
p =
∑
j∈H
ρj
R
Mj
T + ρe
R
Me
Te (2.12)
where p indicates the pressure of the mixture.
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2.1.2 Momentum equation
The momentum conservation equation can be written as:
∂ρ~u
∂t
+∇ · (ρ~u~u) = −∇p+∇ · τ¯ (2.13)
where p is the mixture pressure and τ¯ is the viscous stress tensor discussed
in Section 2.2. Since we have assumed quasi-neutrality there is no net elec-
trostatic force on the flow, and the momentum equation retains the exact
expression as in the basic Navier-Stokes.
2.1.3 Total energy equation
The total energy conservation equation for the mixture is:
∂ρE
∂t
+∇ · (ρH~u) = ∇ · (τ¯ · ~u)−∇ · ~q −QRadI (2.14)
where H is the total enthalpy and can be expressed as H = E + p/ρ and
E is the total energy per unit mass, i.e. the sum of the mixture inter-
nal and kinetic energy: E = e + (~u · ~u) /2. The mixture energy per unit
mass is given by e =
∑
i∈S yiei, where the species energy ei, i ∈ S, com-
prises the translational and formation contributions [ee = eTe (Te) + e
F
e ] for
electrons; the translational, electronic, and formation contributions [ei =
eTi (T ) + e
E
i (Te) + e
F
i ] for the atoms N, O and ions N
+, O+; and the
translational, rotational, vibrational, electronic, and formation contribu-
tions [ei = eTi (T ) + e
R
i (T ) + e
V
i (Tvi) + e
E
i (Te) + e
F
i ] for all the molecules,
where Tvi is the vibrational temperature of the i molecule.
The first term in the right hand side is the work of the pressure forces
p, the second term is the work of the viscous stresses τ¯ and the third term
takes into account the heat flux ~q
~q =
~qc︷ ︸︸ ︷
−λTR∇T −
∑
m∈V
ymλ
V
m∇Tvm − (λe + λE)∇Te +
~qd︷ ︸︸ ︷∑
i∈S
hi ~Ji (2.15)
where hi = ei+pi/ρi is the enthalpy of the ith species, λTR is the sum of the
translational and rotational contribution to the thermal conductivity, λV is
the vibrational thermal conductivity of the species m, λe and λE are the
thermal conductivities of free electrons and electronic levels respectively.
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In equation 2.15 the heat flux ~q is divided in the two components: the
conductive part indicated by ~qc and the diffusive part by ~qd. Furthermore,
in the case of radiating medium an additional term QRadI is added to account
for the energy losses.
2.1.4 Vibrational energy equation
The vibrational energy equation expresses the conservation of the vibra-
tional energy of a specific molecule.
∂ρme
V
m
∂t
+∇ · (ρm~ueVm) = −∇ · ~qv + Ω˙CVm + Ω˙V Tm + Ω˙V Vm − Ω˙EVm , m ∈ V
(2.16)
where V indicates the set of indices of the N2, O2, and NO molecules, eVm
is the vibrational energy per unit mass. The other molecules are assumed
to be in thermal equilibrium with the vibrational temperature of N2, if
not specified otherwise in the text. The first term on the right hand side
represents the heat flux of conduction and diffusion of vibrational energy:
~qmv = −ymλVm∇TVm + hVm ~Jm (2.17)
and the other terms account for the energy exchanges with the other energy
modes and are discussed in greater detail in Chapter 4 . In particular, Ω˙CV
represent the loss/production of vibrational energy due to chemical reaction.
The energy exchange with the translational energy modes are described by
Ω˙V Tm . The vibrational energy exchanges among the different molecules are
accounted for with the term Ω˙V Vm . The last term, Ω˙
EV
m , describes the energy
exchanges among vibration and free electrons.
2.1.5 Free electron-electronic energy equation
The relaxation of the energy stored in the translational motion of the free
electrons and in the electronic levels of atoms and molecules is described by
a separate equation.
∂ρEe
∂t
+∇·(ρ~uEe) = −pe∇·(~u)−∇· ~qe+
∑
i∈E
ω˙ie
E
i −Ω˙I +Ω˙ET +Ω˙EV −QRadII
(2.18)
and E , the set of indices of the N, O, N+, O+, N2, O2, NO, N+2 , O+2 , and
NO+ species, whose electronic energy populations are assumed to follow
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Boltzmann distributions. Ee = yeee +
∑
i∈Eyie
E
i is the free-electrons elec-
tronic energy per unit mass. The translational energy of free-electrons and
the electronic energy are often couple together, since the most favored chan-
nel of electronic excitation is the interaction with the electrons.
The first terms account for the heat flux within the electronic-electron en-
ergy mode ~qe and reads:
~qe = −(λe + λE)∇Te +
∑
i∈S
hEi
~Ji (2.19)
The second terms represent the work done on the electrons by the electric
field induced by the pressure gradient. The other terms represent respec-
tively: the influence of the electronic excitation on the electronic energy
mode, the influence of the ionization losses Ω˙I , the elastic exchanges with
the heavy particles Ω˙ET , the exchanges with the vibrational energy modes
Ω˙EV and the energy losses due to radiation QRadII .
2.2 Transport properties
Transport fluxes constitute the closure of the system of equations governing
the dynamics of high enthalpy flows, when dissipative effects are accounted
for. Indeed Navier-Stokes equations, presented in Chapter 2, require the
knowledge of diffusion fluxes ~Ji, stress tensor τˆ , and heat flux ~q in order
to be solved. In this work the transport fluxes have been evaluated using
Mutation library, written by Magin [114], which provides the transport
properties for air and CO2 mixtures of high temperature, weakly ionized
gases. This section summarizes the method employed for the evaluation of
the transport properties using kinetic theory. The interested reader can find
the detailed derivations in Ref. [113, 114].
The kinetic theory of gases is based on the Boltzmann equation, which de-
scribes the behavior of atoms and molecules in dilute gases using a statistical
approach. In this work the internal structure of the gas has been neglected,
disregarding the changes of the internal states of atoms and molecules, dur-
ing the interaction among the particles. In order to account for the contri-
bution of the internal structure to the transport phenomena, we have used
the Eucken correction [60].
The expression of the transport fluxes requires the knowledge of the ve-
locity distribution function fi(~r,~ci, t) [60, 176], whose behavior is governed
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by the solution of the Boltzmann equation, written as follows:
∂fi
∂t
+ ~ci · ∇~rfi + ~Fi · ∇cifi =
∑
j∈S
Jij(fi, fj) (2.20)
where Fi the external force acting on the particle and Jij is the collisional
operator and accounts for the effects due to the collisions.
A particular solution of the Boltzmann equation was obtained by Maxwell
for a gas in an equilibrium state with no gradients in composition, velocity
and temperature. Hence, by multiplying the Boltzmann equation by the
collision invariants, integrating over velocity, summing over all the species
and assuming a Maxwellian distribution [113], the Euler equations, can be
obtained.
In order to retrieve the dissipative effects, we must solve the Boltzmann
equation for a system out of equilibrium, where gradients in temperature,
velocity and species composition are present. An approximate solution for
this problem was proposed separately by Chapman and Enskog, and it lin-
earizes the Boltzmann equations about the equilibrium state. The method
of Chapman and Enskog is based on the expansion of the Maxwellian dis-
tribution with respect to a small perturbation parameter, which is assumed
to be the Knudsen number.
fi = fMi (1 + φi) (2.21)
Such expansion leads to a set of integral equations which can be solved
using a spectral Galerkin method. An approximate solution of the pertur-
bation function φi is found using a truncated series of Sonine polynomials.
The accuracy of the approximation depends on the number of terms re-
tained in the expansion. Furthermore projecting the Boltzmann equation
on the collision invariants and using Equation 2.21, we retrieve the set of
Navier-Stokes equations and the definition for the transport fluxes.
Transport coefficients are expressed as the solution of linear systems in
terms of the so called collision integrals. The collision integral may be in-
terpreted as generalized cross sections, i.e. an averaged cross section over
all the possible relative energies. The kinetic data used throughout this in-
vestigation were compiled by Vanden Abeele [174] for an air mixture.
The evaluation of the transport coefficients can be done using direct meth-
ods, iterative methods or resorting to the so called mixture rules. The accu-
racy of the approximate mixture rules is not adequate for dissociating and
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ionizing gases and have been discarded in the present work. Furthermore
the iterative methods have proven their efficiency, allowing to obtain the
same accuracy of the direct methods at a reduced cost [114].
2.2.1 Diffusion fluxes
The solution of the Stefan-Maxwell system of equations is used to retrieve
the diffusive fluxes. The method is completely equivalent to the complete
diffusion equations derived by means of Chapman-Enskog theory, and it was
preferred due to its computational efficiency. The diffusion fluxes may be
written as
M
ρ
∑
i∈H
(
xs ~Ji
MiDsi −
xi ~Js
MsDsi
)
= ~di (2.22)
where ~di is the vector of the driving forces and it does not account for thermal
and pressure diffusion, which are found to be of negligible importance in our
applications [6]. The symbol Dsi indicates the binary diffusion coefficients.
The diffusion flux of the light particles Je is retrieved by quasi-neutrality.
2.2.2 Viscous stress and heat flux
The viscous stress tensor as computed by the Chapman Enskog approxima-
tion reads
τˆ = µ
(∇~u+∇~uT )(κ− 2
3
µ
)
(∇ · ~u) Iˆ (2.23)
where µ is the shear viscosity and κ is the contribution due to the bulk
viscosity, the latter being neglected in the present work. Bulk viscosity
accounts for the nonequilibrium effects among translation and the internal
structure of the particle populations which equilibrates thanks to inelastic
collisions. To estimate the shear viscosity we solve the transport system
using the conjugate gradient method as explained in Ref. [114]. The contri-
bution to viscosity due to light particles is found negligible due to the mass
disparity with respect to the heavy particles.
The heat-flux can be expressed as follows:
~q = −λT∇T − λe∇Te − λV∇TV − λR∇TR − λE∇TE +
∑
i∈S
hi ~Ji (2.24)
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The contribution to the transport properties, given by the internal struc-
ture of the molecules, have been accounted for by means of the Eucken
correction [60], as follows:
λR =
∑
i∈H
ρic
R
Pi∑
j∈H xj/Dij
(2.25)
λV =
∑
i∈H
ρic
V
Pi∑
j∈H xj/Dij
(2.26)
λE =
∑
i∈H
ρic
E
Pi∑
j∈H xj/Dij
(2.27)
where cRPi , c
V
Pi, c
E
Pi are the rotational, vibrational, and electronic species
specific heats per unit mass. The translational thermal conductivity is ob-
tained as done for the viscosity solving the system of equations using an
iterative method.
2.3 Simplified flow equations
The accurate simulation of high enthalpy flows requires the solution of the
Navier-Stokes equations. To this end, the governing equations described in
the preceding section are implemented into three dimensional solvers, which
although able to reproduce all the flow features, they are computationally
expensive and are not suitable for fundamental studies of detailed kinetics.
In this section we present two approximate Eulerian set of equations used
to test multitemperature models. Although based on an approximate one
dimensional flow model, which neglect dissipative effects, Shocking and the
nozzle code are able to reproduce the main features of the flow of interest
and are extremely efficient in terms of computational time.
Shocking simulates the flow behind a strong normal shock and it is used
to study the thermal and chemical relaxation in a compressing flow situation.
The nozzle code reproduces the flow along the axis of a nozzle and it is
based on a quasi one-dimensional assumption. The nozzle code allow us to
study the thermal and chemical relaxation in expanding flows which may
be substantially different from the one taking place in a compressing flow
situation.
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2.3.1 Onedimensional shock tube: governing equations
Post-shock conditions are derived from jump relations assuming frozen gas
composition and vibrational and electronic energy modes, the rotational
mode being in equilibrium with the translational mode. Then, the down-
stream flowfield is determined by solving conservation equations of mass,
momentum, global energy, vibrational energy of the N2, O2, and NO molecules,
respectively, and a separate energy equation for the free electrons and species
with electronic energy level populations assumed to follow Boltzmann dis-
tributions:
∂
∂x
(ρiu) = ω˙i, i ∈ S (2.28)
∂
∂x
(
ρu2 + p
)
= 0 (2.29)
∂
∂x
[
ρu
(
h+ 12u
2
)]
= 0 (2.30)
∂
∂x
(
ρuyme
V
m
)
= ω˙meVm + Ω
V T
m + Ω
V V
m − ΩEVm , m ∈ V
∂
∂x
[ρu(yeee +
∑
i∈E
yie
E
i )] = −pe
∂u
∂x
+ ω˙eee +
∑
i∈E
ω˙ie
E
i
−ΩI − ΩE + ΩET + ΩEV (2.31)
where x is the stagnation line coordinate and the other symbols have been
previously defined. Following the derivation of Thivet [173], the conserva-
tive system of Eqs. (2.28)-(2.31) is transformed into a system of ordinary
differential equations easily solved by means of the lsode [153] library.
2.3.2 Quasi-onedimensional nozzle: governing equations
In this paragraph, we briefly describe the general model, for a reacting flow
through a converging-diverging nozzle in the quasi-onedimensional approx-
imation and in stationary conditions. Viscous effects are neglected and the
resulting set of equations is complemented by additional conservation equa-
tions for the relaxation of the internal energy modes. The set of governing
equations to be solved are written in 2.28-2.31, with the additional con-
straint:
ρuA = m˙ (2.32)
where m˙ is the mass flow m˙ = ρuA and A = A(x) indicates the cross-
section. In the quasi-onedimensional nozzle code, the cross sectional area
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is dependent on x as opposed to the previous case where the area was as-
sumed to be constant and hence was dropped when writing the system of
equations. In this sense the nozzle code is more general and can reproduce
the results in the post shock relaxation area for given the initial conditions
(e.g. Rankine-Hugoniot).
Fixing temperature, pressure and gas composition in the reservoir, the noz-
zle flow features are determined by the inlet flow speed. For a particular
value of the inlet velocity uc, the flow passes from the subsonic regime in
the inlet to a supersonic regime in the outlet. For an inlet speed uin lower
than uc the gas enthalpy is not high enough to let the flow expand and the
flow is subject to a re-compression in the diverging part of the nozzle. The
value of the critical speed can be found only by a trial error problem, which
makes the procedure quite tedious.
The system of equations describing the relaxation of a gas inside a nozzle
as written in 2.28-2.32 can be rearranged and directly solved with a ODE
package, as in the case of the shock tube code. In this case however, the
momentum equation presents a singularity in correspondence of the throat,
where the Mach number becomes one. Hence a direct integration of the
system of ODEs results in a large number of spatial-steps required since the
error monotonically increases as we approach the sonic point. To circum-
vent this issue, a discontinuous solution procedure is usually adopted. The
calculations are interrupted right before the sonic point and are restarted a
few cells after the singularity, by extrapolating the solution. As we can see,
the problems can be resolved only using tricks, but difficulties in the ap-
proach still remain and often the solution near the throat exhibits aphysical
spurious oscillations.
The new method described in Ref. [48] eliminates these difficulties. The
main advantage is that it eliminates the discontinuity in the model using
a different approach to manipulate the Euler equations. Such a method
leads to a hybrid system of equations composed of algebraic and ordinary
differential equations, which although computationally less efficient than the
classical approach, allows the elimination of the singularity in the equations.
The details of the solution procedure can be found in Ref. [48, 122].
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Chapter 3
Thermodynamics
The set of equations, governing the dynamics of high temperature gases pre-
sented in the preceding chapter, requires the characterization of the thermo-
dynamic properties of the gas. When dealing with systems in equilibrium (or
partial equilibrium, such as in the multitemperature models), the thermo-
dynamic properties can be obtained rather easily using statistical mechanics.
A gas consists of a large number of atoms and molecules, moving through-
out the space with a certain amount of translational energy. Besides the
kinetic energy related to the translational motion, atoms and molecules
possess a certain amount of internal energy, which is linked to electronic
excitation, i.e. to the relative position of the bound electrons with respect
to the nucleus. In addition, the molecular species exhibit two additional
degrees of freedom: rotation and vibration. The rotational and vibrational
energy modes of the molecules are intrinsically coupled to each other, owing
to the influence that the change in the relative position of the nuclei has
on the inertia of the molecule. In the presence of thermal nonequilibrium
effects, internal energy modes relax according to different time scales, hence
requiring the separation of the internal contributions to the global energy
of the gas (e.g. vibration-rotation).
It the present chapter we distinguish among simplified or accurate thermo-
dynamic models. Thus, depending on the model chosen to describe the ro-
tational and vibrational motion of the molecules, we can distinguish among:
• simplified approaches, which are based on the rigid rotator and har-
monic oscillator model (to describe respectively rotational and vibra-
tional motion), allowing for a the complete separation of the internal
energy modes;
• accurate models, which preserve the vibrational-rotational coupling
and are based on the more realistic model of non-rigid rotator and
an-harmonic oscillator.
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The approximate model, described in Section 3.1 allows for the estimation
of the thermodynamic properties of the gas in thermal equilibrium as well
as thermal nonequilibrium conditions. On the contrary the validity of the
accurate model, discussed in Section 3.2, is restricted to thermal equilib-
rium conditions. Indeed, the extension of such a model to nonequilibrium
cases requires the definition of the interaction energy, as prescribed in Jaffe’s
model [91] and thoroughly described in Section 3.3.
The aim of this study is to use the more complex and physically consis-
tent model of Jaffe to define the limits of validity of the simplified model
and assess its accuracy in different flow conditions. To this end the specific
heats at constant pressure and the enthalpy are compared, using the two
thermodynamic models for equilibrium and nonequilibrium conditions.
In the last part of the chapter the two models are applied to the one
dimensional shock-tube solver described in Section 2.3.1. The results pro-
duced are compared in order to directly assess their influence on the flowfield
calculation.
Remark: The legitimacy of the separation of the internal energy modes,
universally used in aerothermodynamics, as a result of the extrapolation of
microscopic partitioning among rotational, vibrational and electronic levels,
originated from a re-interpretation of the Born-Oppenheimer approxima-
tion, and has been subject to strong criticism in literature [68]. Neverthe-
less in this work we decided to retain the separation of the internal energy
modes owing to lack of data concerning the thermal relaxation as well as
the kinetic processes needed for a more consistent model.
3.1 Simplified models
The separation of the internal energy modes is very appealing for CFD ap-
plications, owing to its computational efficiency. Hereafter we briefly discuss
the assumptions made and the main results obtained with simplified ther-
modynamics models, comparing our predictions against literature.
Quasi-classical statistical mechanics allows us to express the equilibrium
thermodynamic properties of any atom or molecule, using the construct
called the partition function [176]. The separability of electronic, rotational
and vibrational energy modes, which is linked to the possibility of factorizing
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the partition function, becomes possible if:
• firstly, assuming an infinite number of ro-vibrational levels, we describe
the rotational and the vibrational motion of the molecules with the
simplified models of the rigid rotator and harmonic oscillator.
• Secondly, we require that each electronic level of a particular species is
characterized by the same ”type” of rotator and harmonic oscillator.
In other words, the second constraint requires the use of the same
spectroscopic constants for excited and ground electronic states.
The derivation of thermodynamic properties, can be found in Ref. [18, 19,
84, 128, 176] and it is therefore omitted. Hereafter we limit ourselves to
provide the final expressions of the thermodynamic properties, as given by
simplified models.
Translational energy, enthalpy and entropy The expressions of the trans-
lational energy, enthalpy and entropy per unit mass are:
eTi =
3
2
RiT (3.1)
hTi = e
T
i +RiT (3.2)
sTi =
hTi
T
+Ri ln
[(
2pimi
h2
) 3
2
k
5
2
]
+
5
2
Ri lnT −Ri ln p (3.3)
where Ri = R/Mi, mi is the mass of the ith species.
Rotational energy, enthalpy and entropy Within the approximation of
rigid rotator, the rotational energy and enthalpy per unit mass is:
eRi = h
R
i = RiTR (3.4)
sRi =
hR
TR
+Ri ln
[
1
σ
(
TR
θRi
+
1
3
)]
(3.5)
Where θRi stands for the rotational characteristic temperature. The symme-
try number σi = 1 or 2 depends on whether the molecule is heteronuclear
(NO, NO+) or homonuclear (N2 , O2).
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Vibrational energy and enthalpy Within the approximation of the har-
monic oscillator, the vibrational energy and enthalpy per unit mass reads:
eVi = h
V
i =
Riθ
V
i
exp
(
θVi
TV
)
− 1
(3.6)
sVi =
hVi
TV
−Ri ln
[
1− exp
(
θVi
TV
)]
(3.7)
where θVi is the characteristical vibrational temperature of the i species.
Electronic energy, enthalpy and entropy The electronic energy per unit
mass reads:
eEi = h
E
i = Ri
∑
e gieθ
E
ie exp
(−θEie/TE)∑
e gie exp
(−θEie/TE) (3.8)
sEi =
hEi
TE
+Ri
∑
e
gie exp
(−θEie/TE) (3.9)
where gie is the degeneracy of the electronic level e and θEie is its char-
acteristic temperature. Since the series diverges, a simple cut off criteria is
applied, selecting the number of electronic energy levels in order to match
the results of more accurate calculations.
The energy, enthalpy and entropy of the atoms are:
ei = eTi (T ) + e
E
i (TE) + e
F
i (3.10)
hi = ei +RiT (3.11)
si = sTi (T ) + s
E
i (TE) (3.12)
where eFi is the formation energy and it is computed from the heat of for-
mation at 0 K.
The molecules exhibit additional degrees of freedom and their expression for
the energy and the enthalpy reads:
ei(T, TE , TV , TR) = eTi + e
E
i (TE) + e
V
i (TV ) + e
R
i (TR) + e
F
i (3.13)
hi = ei +RiT (3.14)
si(T, TE , TV , TR) = sTi + s
E
i (TE) + s
V
i (TV ) + s
R
i (TR) (3.15)
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This simple formula states that the overall contribution of the internal en-
ergy is a function of the separate contributions of each of the internal energy
modes. Even more interesting, the energy of each energy mode depends on
its own temperature.
The electrons do not have internal structure hence their energy, enthalpy
and entropy read:
ee(Te) = eTe + e
F
e (3.16)
hi = ei +RiTe (3.17)
se(Te) = sTe +Re ln 2 (3.18)
The mixture thermodynamic properties are given by:
e =
∑
i∈S
yiei and h =
∑
i∈S
yihi (3.19)
s =
∑
i∈S
yisi + kB
∑
j∈S
nj(1/xj) (3.20)
where the contribution of the entropy of mixing is accounted for to evalu-
ate the mixture entropy. Furthermore, species Gibbs free energies used to
estimate the equilibrium constants are given by the relation gi = hi − Tsi.
3.1.1 Simplified models: results
The non-dimensional specific heat of N2 calculated with the simplified model
is compared in Figure 3.3 with the results of Capitelli [36], carried out con-
sidering a more realistic thermodynamic model. Both the predicted specific
heats at constant pressure start at 3.5 (5/2R+R), since at low temperature
only the translational and the rotational energy modes are excited. As the
temperature rises the first mode to be excited is vibration, which increases
the specific heat up to 4.5 (5/2R + R + R), and a further increase in the
temperature brings about the excitation of the electronic energy levels of
the molecule, responsible for the maximum in the evolution of the specific
heat. The discrepancies among the two results are mostly due to the infi-
nite number of levels considered for the simplified models, which leads to
an overestimation of the specific heat in correspondence of the maximum.
This can be artificially compensated reducing the number of electronic levels
considered. The influence of cut off is shown in the figure and the different
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Figure 3.1: N2. Non-dimensional specific heat at constant pressure. The
broken line refers to the calculation of Capitelli et al [36]. The unbroken
lines represent the results obtained with the simplified models, for increasing
number of electronic levels considered.
curves account for an increasing number of electronic states considered.
For increasing temperatures, the specific heat converges to the value of
(5/2R), as the internal degrees of freedom become saturated and the only
additional contribution comes from the translational energy mode. The rea-
son of such behavior is due to the finite number of levels considered in the
system.
Since the simplified model considers an infinite number of ro-vibrational lev-
els, rotation and vibration keep contributing to the specific heat, and the
asymptote is displaced accordingly to (5/2R+ 2R).
As we can observe from the specific heat curve the error of the so called
simplified model becomes relevant for temperatures exceeding 10 000 [K].
However at such high temperatures, if the flow is not too far from the equi-
librium conditions, the molecules are completely dissociated. Hence, the use
of such simplified models is justified at least for equilibrium conditions for
CFD applications.
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3.2 Advanced models for thermodynamics
A validation of the accurate model for thermodynamic properties under
thermal equilibrium [36, 57, 63] is seen as a necessary step before presenting
the results using the nonequilibrium thermodynamic model of Jaffe, which
is an extension of such model to thermal nonequilibrium. The method em-
ployed for the determination of the equilibrium thermodynamic properties
of diatomic molecules, based on a more realistic physical model than the
harmonic oscillator and rigid rotator, is discussed hereafter.
The starting point is the definition of the ro-vibronic energy levels, here
expressed as follows:
(e, v, J) = e(e) + v(e, v) + J(e, v, J) (3.21)
where e, v, J are respectively the electronic, vibrational and rotational
quantum number. (e, v, J) is the ro-vibronic state, e(e) is the electronic
contribution to the ”total” energy, v(e, v) is the vibrational energy and
J(e, v, J) accounts for the rotational part. In equation 3.21 rotation is con-
sidered as a perturbation of vibration, since vibrational energy does not
depend on the rotational motion, as opposed to rotation which depends on
the vibrational quantum number. The problem of the energy splitting and
the impact that the adopted partitioning method has on the results is dis-
cussed later on in section 3.3, within the nonequilibrium thermodynamics.
In the case of an equilibrium calculation, one temperature is assigned to the
internal and kinetic part of the energy and the problem of partitioning does
not affect the results.
The formulation of the partition function requires the solution of the triple
summation over the electronic, vibrational and rotational energy levels of
the molecules. The expression of the internal partition function is given
here:
QINT (T ) =
eMax∑
e
ge exp
(−e(e)
kBT
) VMax(e)∑
v
exp
(−v(e, v)
kBT
)
JMax(e,v)∑
J
(2J + 1) exp
(−J(e, v, J)
kBT
)
(3.22)
The extrema of the summations depend on the electronic quantum number
and in particular the maximum rotational quantum number Jmax depends
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on the vibrational quantum number as we shall see in the next sections. In
order to be able to retrieve the internal partition function, VMax(e) as well
as JMax(e, v) have to be determined for each electronic level.
3.2.1 Maximum vibration quantum number
If we consider a non-rotating molecule, the maximum vibrational quantum
number can be easily estimated, provided that the dissociation energy is
known. Thus we seek for the value of vibronic state characterized by vibra-
tional energy equal to the dissociation energy of the considered electronic
state. This is done imposing
v(e, v) = De (3.23)
where De is the dissociation energy of the electronic state. Solving for the
vibrational quantum number, we find the desired value of maximum vibra-
tional quantum number. An analytical expression of the vibrational energy
levels is given by the Dunham expansion [84] and leads to the following
expression
v(e, v) = ωe
(
v +
1
2
)
− ωexe
(
v +
1
2
)2
=
De
hc
(3.24)
where ωe, ωexe are the spectroscopic constants and are listed in many ref-
erences, Ref. [36, 80]; we indicate Planck’s constant with h and the speed
of light with c. High order terms in the expression have been neglected for
two reasons. Not all the necessary spectroscopic data are known for all the
molecules and more importantly, the effects of the higher order terms are
usually negligible considering the focus of this work, being the definition of
the thermodynamic properties.
The solution of the equation 3.24 has two real roots, the smaller one is the
one to be chosen. In some cases, however, the solution is a complex number.
Such solutions have no physical meaning and are due to approximations in
the determination of the vibrational quantum state.
In the case of complex roots, instead of solving the equation (3.24), we
consider the maximum of the curve. The error committed in this case is rel-
atively small, being the maximum of the parabola (given by equation 3.24)
very close to the dissociation energy. The value of the vmax for some elec-
tronic state of the molecular nitrogen and the comparison with literature is
shown in Table 3.1. Discrepancies between the maximum number of levels
are mainly due to different models for the potential curve. All the data
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Electronic State vmax Present Work Gurvich Bacri
X1Σ+g 48 56 48
a3Σ+u 26 33 26
b3Πg 29 35 32
w3∆u 37 - -
b
′3Σ−u 40 46 -
A
′1Σ−u 63 58 -
A1Πg 45 50 46
W 1∆u 43 51 -
Σ+g 6 6 -
g3∆g 22 - -
c3Πu 5 - -
Table 3.1: vmax for different excited state of molecular nitrogen.
concerning the maximum number of vibrational levels have been included
in Ref. [128].
Remark: Our calculations have been performed by taking as a reference
for the energy levels the minimum of the potential curve. Other results were
obtained taking as a reference the first vibrational level of the an-harmonic
oscillator. This determines a difference in the internal partition function
and energy at low temperature.
3.2.2 Maximum rotational quantum number
The determination of the maximum permissible rotational quantum num-
ber Jmax could proceed, in analogy with what was done for the vibrational
quantum number, comparing the vibrational-rotational energy with the dis-
sociation energy relative to the electronic level considered. This however
represents a crude approximation since it neglects the influence of rotation
on the dissociation energy. Indeed, as the rotational quantum number in-
creases it affects the shape of the potential increasing the value of De.
If we consider a rotating molecule on the basis of the classical mechanics, we
must introduce an additional term in the expression of the potential to ac-
count for the effects due to centrifugal forces. The effective potential energy
becomes:
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UJ (r) = V (r) +
J(J + 1)h2
4piµA−Br2
(3.25)
where r is the inter-nuclear separation of the generic AB molecule, UJ is
the potential of the rotating molecule, V is the rotationless potential and µ
is the equivalent mass µ = mAmB/(mA +mB). Introducing the expression
of Morse potential in the equation we have:
UJ (r, J, v, Te) = e + v(e, v) + (De − v(e, v))
[1− exp (−βe (r − re))]2 + J(J + 1)h
2
4piµA−Br2
(3.26)
A series of potential curves can be constructed for different values of the
rotational quantum number.
Figure 3.2: Potential curve (Morse) for N2 ground state for different
centrifugal distortions
For J = 0 no centrifugal distortion occurs and we retrieve the rotationless
potential. As the quantum number increases, the minimum in the curves
is displaced respect to the equilibrium distance and the dimensions of the
potential well decrease. When the J reaches the value of JMax, the potential
does not exhibit a minimum and the molecule is torn apart. This means
that for J = 0 all vibrational states with energy lower than the dissociation
limit are present, while there are no stable states with J larger than Jmax.
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Hence, the existence of quasi-bound states above the dissociation limit of the
molecule is determined by the centrifugal distortion of the potential energy
due to rotation. In order to evaluate the maximum number of rotational
states we have to find, for each vibrational quantum number, the limit po-
tential curves, which are characterized by a negative derivative with respect
to the radius. So we change the rotational quantum number until we reach
this condition:
∂U
∂r
< 0 (3.27)
This potential is compared with the energy as calculated from the coupled
vibrational-rotational energy expression for any assumed v and J is varied
until these two energies are equal. When this point is reached, one has a
compatible v, J combination.
m =
v(e, 0)
hc
+ ω0v − ω0x0v2 +BvJ(J + 1)−DvJ2(J + 1)2 (3.28)
where Bv and Dv are the spectroscopic constants for rotation and can be
found in Ref. [36, 80].
Once the maximum number of vibrational levels for each electronic state
and the maximum number of rotational states for each vibrational state
have been determined, the internal partition function can be calculated us-
ing equation 3.22.
In this work, the spectroscopic constants have been taken from Gurvich
in Ref. [80] and Morse potential was used to estimate the maximum number
of rotational levels for each vibrational quantum number. The details of the
calculation are given in [128].
A comparison in terms of non-dimensional enthalpy for the molecular
nitrogen is presented in Figure 3.3. Our results agree with the calculation of
Capitelli et al in Ref. [36]. The contribution of the quasi-bound states have
been considered in the calculations as it was shown to have an influence on
the thermodynamic properties in Ref. [36]. In the same figure a comparison
of the results obtained using simplified models shows once more how the
validity of the simplified models is restricted to low temperatures regimes.
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Figure 3.3: N2. Non dimensional enthalpy. (x) refers to the calculation
performed by Panesi at al. [128]. The unbroken line refers to the work of
Capitelli et al [36] and the broken line represents the results obtained with
the simplified models.
3.3 Thermal-nonequilibrium thermodynamic
model of Jaffe
The calculation of the partition function and the estimation of the ther-
modynamic properties of equilibrium gases have been extensively described
in literature [57, 128]. Problems arise in nonequilibrium conditions since
the thermodynamic state of the gas cannot be described making use of one
temperature. The correct approach in the latter case is to consider each
individual ro-vibronic state as a separate species and perform a detailed cal-
culation accounting for all the elementary kinetic processes.
The enormous number of levels and kinetic processes to be accounted for
makes this mathematical problem impossible to solve. Engineering models
such as the TTV model of Park have been created to overcome these dif-
ficulties. Such models postulate the existence of separate temperatures for
different modes drastically reducing the number of equations to be solved
and the number of kinetic processes to be modeled.
The separation of the internal energy modes is done in these approaches
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in artificial way assuming that rotation is fully developed 1 and lumping
the rest of the internal energy with a single temperature often called TV .
Since experimental measurements showed that often rotation and transla-
tion equilibrate rather quickly (at least at moderate temperatures [138]),
the population of the rotational levels is assumed to be governed by trans-
lational temperature, i.e. T = TR.
Jaffe in Ref. [91], keeping the idea of two different temperatures TTV , pro-
poses a more consistent model for thermodynamics, which preserves the
coupling among rotational and translational energy modes.
3.3.1 Two ways of splitting the ro-vibrational internal
energy
If we consider a molecule in a generic electronic state and we indicate the vi-
brational quantum number with v and the rotational quantum number with
J , the energy of each ro-vibrational state can be indicated as (v, J). How-
ever if we want to partition such energy into rotational and vibrational part,
problems arise due to the so called interaction energy. The classical model
of non-rigid oscillator gives an idea of the interaction among vibration and
rotation. Because of the oscillations, the inertia of the molecules changes
affecting their rotational motion (classical mechanics). The interaction en-
ergy originates from the coupling among the two energy modes. In order to
separate these, we have the choice to include the interaction energy in the
rotational energy, considering only the perturbation effects of vibration on
rotation, or we can include the interaction energy in the vibrational energy
mode leaving rotation unchanged. Considering rotation as a perturbation
of the vibrational energy we write:
(v, J) = (v, 0) + (v, J)− (v, 0)︸ ︷︷ ︸
∆I(v,J)
(3.29)
The other possibility is:
(v, J) = (0, J) + (v, J)− (0, J)︸ ︷︷ ︸
∆II(v,J)
(3.30)
In nonequilibrium conditions, the two cases lead to different results in terms
of the partition function and thus in terms of thermodynamic properties,
1The rotational specific heat is assumed to be equal to R, which correspond to the
asymptotic value of the specific heat in the case of rigid rotator.
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whereas in equilibrium the separation of rotation and vibration is only formal
and the results are not dependent on the type of energy splitting.
3.3.2 Two temperature partition function
The concept of partition function is generalized to multitemperature ap-
proach if the summation over each internal mode is performed for the re-
spective internal temperature. Using the first of the two possible energy
splitting described in Section 3.3.1, we obtain:
QIINT (TV , T ) =
eMax∑
e
gk exp
(−e(e)
kBTV
) VMax(e)∑
v
exp
(−v,0(e, v)
kBTV
)
JMax(e,v)∑
J
(2J + 1) exp
(−∆IJ(e, v, J)
kBT
)
(3.31)
The other splitting leads to a different expression of the nonequilibrium
partition function:
QIIINT (TV , T ) =
eMax∑
e
gk exp
(−e(e)
kBTV
) JMax(e)∑
J
(2J + 1) exp
(−0,J(e, J)
kBT
)
VMax(e,J)∑
v
exp
(−∆IIV (e, v, J)
kBTV
)
(3.32)
The non uniqueness of the partition function affects all the thermodynamic
properties, since they depend on the choice made at the moment of the
splitting of the energy levels. The internal energy can be expressed in the
following two forms:
EIAve (TV , T ) = Q
I −1
INT
eMax∑
e
ge exp
(−e(e)
kBTV
) VMax(e)∑
v
exp
(−v,0(e, v)
kBTV
)
JMax(e)∑
J
(2J + 1) v,J(e, v, J) exp
(−∆IJ(e, v, J)
kBT
)
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EIIAve (TV , T ) = Q
II −1
INT
eMax∑
e
ge exp
(−e(e)
kBTV
) JMax(e)∑
J
(2J + 1) exp
(−0,J(e, J)
kBT
)
VMax(e)∑
v
v,J(e, J, v) exp
(−∆IIV (e, v, J)
kBTV
)
The vibrational and rotational contributions to the internal specific heat
are:
CVP (TV , T ) =
(
∂EAve
∂TV
)
T
CRP (TV , T ) =
(
∂EAve
∂T
)
TV
Each component of the specific heat is still a function of both TV and T .
Furthermore, when TV =T :
CINTP = C
V
P + C
R
P
The three quantities Eave(TV , T ) CVP (TV , T ) and C
R
P (TV , T ) fed to the sys-
tem of equations, described in Chapter 2, allow us to determine TV and T
in flowfield calculations.
3.4 Results
In order to gain further insight in the understanding of the importance of the
partitioning of rotational-vibrational energy, its effect on the thermodynamic
properties is investigated, using nonequilibrium maps for the specific heats at
constant pressure (Section 3.4.1). Furthermore, the impact of the modeling
on the state of the gas is addressed by means of simplified flow solvers,
which allow to assess the influence of the energy splitting in Jaffe’s model
(Section 3.4.2) comparing the results given by the simplified model with the
ones obtained using the accurate model (Section 3.4.3).
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3.4.1 Nonequilibrium thermodynamic properties
In this study, we propose an analysis of the vibrational and rotational
components of specific heats at constant pressure as a function of the two
temperatures TV and T , aiming to quantify the influence of the partitioning
criteria under nonequilibrium conditions. Although the analysis that fol-
lows is limited to molecular nitrogen, the same conclusions can be extended
to the other diatomic molecules belonging to the air mixture. The forth-
coming results will show how the internal energy is weakly affected by the
partitioning method adopted, confirming Jaffe’s conclusions in Ref. [91], as
opposed to the behavior of the specific heats, which are expected to be more
sensitive, since they are defined as a derivative of the internal energy.
The non dimensional specific heat at constant pressure of N2, shown in
Figures 3.4, was obtained adopting the first method of partitioning, i.e. in-
cluding the interaction energy in the rotational energy. The results appear
to be qualitatively similar to the ones obtained adopting the second parti-
tion scheme, shown in Figure 3.5. Both plots present the peak due to the
excitation of the electronic energy levels as seen in the equilibrium case and
they both tend to the asymptotic value of 5/2 as the temperature increases.
On the diagonal the two temperatures are equal and the equilibrium results
are retrieved in both cases.
The differences are restricted to the lower part of the contour plot, char-
acterized by low vibrational temperature and high rotational temperature.
The reasons of such discrepancies are to be sought in the definition of the
specific heat of vibration and in the relative importance of vibrational and
interaction energy. The vibrational and rotational specific heats depend on
both vibrational and rotational temperature as previously discussed. How-
ever the dependence of the specific heats on their corresponding tempera-
tures is stronger than the dependence on the other temperature 2, (the CVP
strongly depends on TV but it only weakly depends on T ). Generally speak-
ing, the interaction energy is indeed smaller than the vibrational and the
rotational contributions. Therefore in the region of the diagram where the
vibrational temperature (or T for CRP ) is significant its contribution dom-
inates and the influence of the interaction energy is weak. However as we
move to lower TV and higher T , the importance of the interaction energy
increases, thanks to the rotational temperature. In such situations the in-
2Usually each specific heat depends on its own temperature since the internal rotation
and vibration are separated without accounting for the interaction energy, which is
assumed negligible.
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Figure 3.4: N2 first partition method. Nonequilibrium specific heat at
constant pressure as a function of TV and T . The values of the specific heat
have been non-dimensionalized dividing by R.
teraction energy becomes comparable with the vibrational energy and the
choice of the partitioning method may lead to differences in the results. Fig-
ure 3.6 shows the difference in terms of vibrational heat specific for the two
partitioning methods. The differences are small everywhere except in a nar-
row region close to the T axis where the vibrational temperature approaches
zero. In such area the discrepancies can be very large.
Figures 3.7-3.8 show the specific heat of rotation for the two possible
splitting. Since the rotational heat specific depends mainly on the rotational
temperature, we should expect differences in the part of the contour map
where the rotational temperature is small and the vibrational temperature is
high. The results in Figure 3.9 confirm this tendency, even if the influences
of the partitioning method on the results are found to be smaller than in
the previous case.
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Figure 3.5: N2 second partition method. Nonequilibrium specific heat of
vibration at constant pressure as a function of TV and T . The values of the
specific heat have been non-dimensionalized dividing by R.
3.4.2 Influence of the splitting on the results
The analysis of the results in the foregoing section showed a certain sensitiv-
ity of the CVP to the partitioning method employed. The aim of this section
is to quantify the impact that such differences may have on the flowfield
calculations. For this purpose we simulated the flowfield in the post-shock
relaxation area using the one dimensional shock tube code, described in
Section 2.3.1. The two different separation methods are employed for all
the molecules included in the mixture (N2, NO, O2, N+2 , NO
+, O+2 ) and
the results are compared in terms of temperature and composition profiles.
The test conditions are taken from the EAST test campaign, discussed in
Section 6.3, and assumed a pre-shock pressure of 13.3 Pa and a shock speed
of 10 km/s.
The analysis of the temperature profiles in Figure 3.10 demonstrate the
insensitivity of the results to the partitioning method chosen. Small dif-
ferences in the nonequilibrium part of the curves are possibly due to the
difference in the CVP discussed in the foregoing section.
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Figure 3.6: N2 relative error. Nonequilibrium specific heat of vibration at
constant pressure as a function of TV and T . Influence of the partitioning
method.
The number densities of the eleven species included in the mixture are
depicted in Figure 3.11 and confirm the weak influence of the partitioning
method adopted. The differences in the composition are in general less than
10 %.
The analysis of the temperature and composition has led us to the con-
clusion that the influence of the method used for the separation of rotation
and vibration is rather limited, owing to the reduced importance of the
interaction energy with respect to the vibrational and rotational energy.
3.4.3 Comparison between the accurate and simplified
approaches
The simplified models described in Section 3.1 are often used in CFD due
to their computational efficiency, which mainly arises from the separation of
the internal energy modes. Hereafter we propose a detailed comparison of
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Figure 3.7: N2 first partition method. Nonequilibrium specific heat of
rotation at constant pressure as a function of TV and T . The values of the
specific heat have been non-dimensionalized dividing by R.
such models against the more physically consistent model of Jaffe to assess
its accuracy.
This comparison is carried out using the one dimensional shock tube code
described in Section 2.3.1. We simulate the flow behind a normal shock
using the two models for thermodynamics and we analyze the differences of
the results in terms of temperature and composition along the stagnation
line.
It is important to remark that the improved thermodynamic models were
not applied to the modeling of the source terms in the vibrational energy
equation. Such terms often rely on the Landau Teller formulas (such as
vibrational-translational exchanges), which are based on the harmonic os-
cillator assumption.
Figure 3.12 shows the temperature plots for the FIRE II-1634 testcase.
The testcase is thoroughly presented in Section 6.2.4 and the flight condi-
tions are characterized by a re-entry velocity of 11.36 km/s and the free-
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Figure 3.8: N2 second partition method. Nonequilibrium specific heat of
rotation at constant pressure as a function of TV and T . The values of the
specific heat have been non-dimensionalized dividing by R.
stream pressure of 2 Pa. The flight conditions are similar to those encoun-
tered by a space vehicle during the re-entry from the moon and cause strong
nonequilibrium effects in the shock layer. The ro-translational and vibra-
tional temperature profiles after a normal shock are compared for the two
thermodynamic models. The relaxation of the two models is qualitatively
the same even if the simplified model tends to overestimate both tempera-
tures. In the equilibrium plateau region the predictions differ by less than
200 K. Composition profiles are not shown here but we found differences
smaller than 10 % for the two models throughout the computational domain.
The predicted electron number density in the plateau region is compared
in Table 3.2 against results of Johnston in Ref. [93]. The thermodynamic
model used in the reference results is based on the work of McBride et
al [118]. The separation of the internal energy among rotation and vibration
is based on the assumption that the contribution of the rotational part to
the global specific heat is R, being that rotation is fully developed at high
temperatures [69]. The model indicated as ”Modified Jaffe” is based on the
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Figure 3.9: N2 relative error. Nonequilibrium specific heat of rotation at
constant pressure as a function of TV and T . Influence of the partitioning
method.
Jaffe model and relies on the same assumptions concerning the rotational
specific heat. The Jaffe model predicts the lowest value for the electron
density as opposed to the results presented by Johnston which yield the
highest prediction. Such differences can be explained when we compare the
modified model of Jaffe for the thermodynamics with the results of Johnston.
The difference in this case are of the order of few percent suggesting the
possibility that the assumption made leads to an increase of the electron
density. Differences between the simplified model and the one proposed by
Jaffe are about 9 %.
Large differences are found in the computational time required to perform
a full simulation with the simplified and with the accurate model. While the
simplified thermodynamics allows us to simulate the full domain in less than
a second, the simulation with the accurate model takes up to 15 minutes.
For this reason, look up tables for the specific heats have been created, fit-
ting the contour maps presented in Section 3.3. Although the computational
time was reduced to a few seconds and it is not competitive with the sim-
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Figure 3.10: EAST case. Temperature profiles. Unbroken lines indicate
the first method of partitioning and the broken lines represent the results
obtained adopting the second method of partitioning.
Model Ne [m3] Difference [%]
Simplified Model 4.22E + 22 7 %
Jaffe 3.84E + 22 15 %
Johnston 4.55E + 22 -
Modified Jaffe 4.38E + 22 3 %
Table 3.2: Electron density and influence of the thermodynamic models.
plified model, since the simplified model results are still about 7 times faster.
At lower speeds, up to 7 − 8 km/s, the predictions given by the simpli-
fied and the accurate model are in good agreement and are not presented
here. The reason of the agreement is twofold: firstly the flow approaches
equilibrium conditions and therefore molecules tend to dissociate as the tem-
perature exceeds the dissociation threshold. Secondly most of the molecules
are found close to the bottom of the potential well where the potential of
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Figure 3.11: EAST case. Composition profiles. (×) indicate the first
method of partitioning and the unbroken lines represent the results obtained
adopting the second method of partitioning.
the molecules can be modeled with good approximation by the harmonic
oscillator potential.
Summary
The chapter proposes a review of different models used to express the ther-
modynamic properties of high temperature gases. A comparison among the
so called ”simplified models” and the more physically consistent model of
Jaffe is presented. The approximate methods based on the simplifying as-
sumption of rigid rotor and harmonic oscillator (assuming an infinite number
of ro-vibrational levels), is found to give a reasonable estimate of the ther-
modynamic properties of the diatomic molecules in air. Such accuracy is
enhanced with an artificial selection of the electronic states of the diatoms
in order to reproduce the results given by the more accurate models. Fur-
thermore, a comparison of the results obtained by means of a shock tube
solver with the two models for thermodynamics confirms a weak dependence
of the results on the model chosen.
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Figure 3.12: 1634 s. Comparison of the temperature profiles along the
stagnation line. Unbroken lines refer to results obtained with the accurate
model for thermodynamics. Dashed lines refer to the simplified model.
Also, the separation of rotation and vibration leads to a non unique defi-
nition of the partition function, which depends on the hypotheses made at
the moment of separation. We investigate the influences of the partitioning
of rotational and vibrational energy, using nonequilibrium maps of specific
heat and comparing the results obtained with different assumptions. The re-
sults have shown to be rather insensitive to the separation method selected.
This conclusion is confirmed by the one dimensional analysis presented us-
ing the one dimensional shock tube code.
The analysis performed has led us to the conclusion that the simplified
models presented in this chapter give a reasonable estimation of the thermo-
dynamic properties of high temperature air. Differences with the accurate
model of Jaffe for a strong nonequilibrium test case are found in the com-
position profiles. Such differences do not exceed the 10 % throughout the
computational domain and it is considered acceptable given the strong non-
linear behavior of the composition.
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Chapter 4
Chemistry and energy exchanges
Chemistry and energy exchange source terms are the key parameters in the
set of equations governing the behavior of high enthalpy gases; they allow
to account for changes in the mixture due to chemical reactions as well as
the exchanges of energy among the internal energy modes. Also, chem-
istry and internal excitation are closely correlated and they influence each
other. Thermal nonequilibrium models are distinguished by the way they
describe the interaction among the excitation of the internal energy modes
and the macroscopic kinetic mechanisms employed. A more accurate and
most physical description of the reciprocal influence of the internal struc-
ture and chemistry is given in Chapter 6-7 using a state-to-state approach
for electronic levels of atoms and molecules. Hereafter we propose a brief
overview of the models used in literature to account for nonequilibrium ef-
fects in the framework of the multitemperature philosophy.
The present chapter is divided in three parts:
• The first part describes the physical models used in the species con-
servation equations (Section 2.1.1) to account for the production and
destruction of the species due to chemical reactions. Also, the effects
of vibrational nonequilibrium on dissociation are detailed, describing
the different models found in literature to account for such effects.
• The second part deals with the modeling of energy exchange terms
among the internal energy modes of the gas. Particular attention is
devoted to the coupling of the vibrational energy and chemistry due to
the influence of such physical phenomena on the state of the plasma.
• The last part of the chapter is devoted to the comparison of the dif-
ferent multitemperature models introduced. The use of the one di-
mensional shock tube code allows us to analyze the influence of the
thermochemical models on the results.
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4.1 Chemical nonequilibrium model
The chemical reactions taking place in a gas can be expressed as:
Ns∑
i=1
ν′irXi 

Ns∑
i=1
ν′′irXi (4.1)
where Xi indicates the species subjected to the chemical reaction and the
symbols ν′ir and ν
′′
ir indicates the stoichiometric coefficients for the i
th re-
actant and product respectively. Notice that an elementary reaction can
proceed in both directions and when a perfect balance between forward and
backward reaction is achieved, the process is in chemical equilibrium.
In accordance with the Law of Mass Action [176], the net rate of produc-
tion of species i by Nr elementary reactions of the kind (4.1) is:
ω˙i =
Nr∑
r=1
ω˙ir (4.2)
ω˙ir = Mi (ν
′′
ir − ν
′
ir)
kfr
Ns∏
j=1
(
ρj
Mj
)ν′jr
− kbr
Ns∏
j=1
(
ρj
Mj
)ν′′jr
where ω˙ir is the mass production term of species i due to the rth elementary
reaction and ω˙i = (dρi/dt)chem is the global mass production term for species
i (Sec. 2.1.1). In Equation (4.2) kfr is the forward reaction rate constant
for the rth reaction and kbr is the backward reaction rate constant. A
semi-empirical formulation, known as Arrhenius Law, is used to express the
reaction rate constants:
kfr = ArT ηre−
Θr
T (4.3)
where Ar and ηr are constant coefficients and Θr is the activation temper-
ature for the rth reaction. The forward reaction rate is usually computed
by fitting experimental data, which is often affected by large uncertainties.
The backward rates are usually estimated using the detailed balance, pro-
vided that the equilibrium constant is known. Since Equation 4.2 does hold
in equilibrium conditions (ω˙i = 0), the two reaction rates can be related by
the following expression:
kfr
kbr
=
Ns∏
j=1
(
ρj
Mj
)ν′′jr−ν′jr
= Kcr (4.4)
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where Kcr is the equilibrium constant for rth reaction. The equilibrium
constant can be expressed with the Gibbs free energy. Referring to the rth
elementary reaction, Kcr reads:
logKcr (T ) = −
Ns∑
i=1
(
ν
′′
ir − ν
′
ir
)
gˆi (T )
RT − log (RT )
Ns∑
i=1
(
ν
′′
ir − ν
′
ir
)
(4.5)
where gˆi is the Gibbs free energy per unit mole of species i. The statistical
mechanics methods described in [176] are used to compute the Gibbs free
energy.
4.1.1 Influence of nonequilibrium on the kinetic processes
The foregoing section deals with the modeling of the mass production terms
due to chemical reactions, assuming equilibrium among the internal energy
modes. We now discuss the influence of vibrational nonequilibrium on the
chemistry, in the framework of the multitemperature approach. In particu-
lar, the first part of the section discusses the dissociation, whereas the second
part is devoted to the analysis of the remaining reactions. To this end the
most relevant models available in literature are reviewed and discussed.
Multitemperature models were developed to extend the validity of the
rates to nonequilibrium conditions, assuming Boltzmann equilibrium within
the energy modes. The nonequilibrium rates, indicated by krf , are obtained
by multiplying the the correspondent equilibrium value by the so-called
nonequilibrium factor, as follows:
krf = Z(T, TI)k
r,eq
f (4.6)
The nonequilibrium factor Z(T, TI) introduces the dependence of the rate
constant on the internal temperature. TI represents the temperature, rel-
evant for the reaction under analysis, e.g. TI in the case of dissociation is
TV , owing to the influence of vibration on dissociation.
Dissociation reactions
Although the most rigorous approach, to model dissociation consists in con-
sidering the state-to-state vibrational kinetics, using a state specific method
[25, 50], simplified approaches such as multitemperature methods are of-
ten used. Hence, the use of a nonequilibrium factor, which is a func-
tion of the vibrational excitation (TV ), modifies the equilibrium rate coef-
ficients, considering that endothermic processes are faster for vibrationally
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excited molecules, requiring less translational energy to dissociate. Thus, in
post shock situations, where the vibrational temperature is relatively low,
Z(T, TV ) is much lower than one and the dissociation rates become very
small, until a sufficient degree of vibrational excitation has taken place1.
The nonequilibrium factor has different analytical expression depending on
the model chosen, so in order to reproduce measured nonequilibrium disso-
ciation rates, adjustable parameters are often introduced in the analytical
expression. In the following we discuss three different models characterized
by different expressions for the nonequilibrium factor: Park’s model, Tre-
anor and Marrones’ model and Macheret-Fridmans’ model.
Park’s model
Park’s model can be considered as the simplest model to account for
vibrational effects on the dissociation rates. The temperature T in Equation
4.3 is replaced by the averaged temperature T qT 1−qV with q = 0.5 or q = 0.7.
Thus the equilibrium factor becomes:
Z(T, TV ) =
(
TAveT
−1)n exp( −θd
TAve
+
θd
T
)
(4.7)
where TAve represents the averaged temperature, and θd is the characteristic
dissociation temperature of the molecule.
Park’s model is found to give reasonable results except for condition of
strong nonequilibrium (T  TV and TV  T ) where large errors in the dis-
sociation rates are present. When using shock fitting techniques to model
the shock, such discrepancies can be reduced by artificially increasing the
post-shock vibrational temperature, which is usually assumed to be frozen
across the shock. Precursor effects due to radiation and diffusion can at
least in part justify such changes from a physical point of view [138].
1Such effects were observed in experiments carried out in shock tubes for intermediate
shock speed (6 − 8 km/s). However at higher speeds the chemistry and vibrational
excitation can occur in the pre-shock region because of precursor effects. This may
lead to a drastic reduction of the incubation period.
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Treanor’s model
The model of Treanor and Marrone [116] can be considered as an exten-
sion of the work of Hammerling [81]. The main innovation is due to the
introduction of a distribution of dissociation probabilities. The dissocia-
tion probabilities among the vibrational levels depend on the vibrational
quantum number by means of a parameter (U).
P (v) ∝ exp [−(D − v)/kBU ] (4.8)
The parameter U has the dimension of a temperature and generally takes
on values of:
d,s
6kB
≤ U ≤ d,s
3kB
(4.9)
For an infinite value of U the model becomes equivalent to the model of
Hammerling. Treanor’s model relies on the Boltzmann distribution to de-
scribe the population of the vibrational levels and assumes that during the
dissociation processes such distribution is negligibly affected by chemistry.
The nonequilibrium factor has the following expression
Z(T, TV ) =
Q(T )Q(TF )
Q(TV )Q(−U) (4.10)
where with Q we indicate the partition function for a truncated harmonic
oscillator and TF is an average temperature defined as follows:
TF =
(
1
TV
− 1
T
− 1
U
)−1
(4.11)
Da Silva in Ref. [51] compares the dissociation rates obtained with mul-
titemperature models against the ones given by a state to state approach.
According to this analysis, Treanor’s model nicely predicts the dissociation
rates for molecule-molecule collisions at high temperatures, where the error
in the predictions does not exceed one order of magnitude. However at low
temperatures (of the orders of few thousands of degrees) the model tends to
over-predict the rate of dissociation. The interaction atom-molecule is pre-
dicted rather well by the model over all the range of interest for hypersonic
applications. In conclusion Treanor’s model gives a good representation of
the dissociation rates in compressing or expanding flows, although the good
agreement found in Ref. [51] for expanding flow seems to be coincidental.
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Knab’s model
Knab et al [96] extended Treanor’s model to other reactions, adopting the
same philosophy used by Treanor and Marrone and assuming that the che-
mical reactions do not affect the vibrational distribution function. Knab’s
model, disregarding anharmonicity effects, uses the well known trunked har-
monic oscillator model. Thus, indicating with Qθ
D
m
Vm
(TV ) the vibrational par-
tition function (trunked oscillator) of molecule m at the temperature TV ,
we have:
Q
θDm
Vm
(TV ) =
1− exp
(
− θDmTV
)
1− exp
(
− θVmTV
) (4.12)
where θDm is the characteristic dissociation temperature and θ
V
m is the char-
acteristic vibrational temperature. For dissociation-recombination reactions
the forward reaction rate constant is given by:
kf = Z(T, TV )CT ηe−θ
D
m/T (4.13)
where:
Z(T, TV ) =
Q
θDm
Vm
(T )
Q
θDm
Vm
(Tvm)
e−αθDm/TQαθDmVm (Γm) +QθDmVm(T 0m)−QαθDmVm (T 0m)
e−αθDm/TQαθ
D
m
Vm
(−U) +QθDmVm(T ∗)−Q
αθDm
Vm
(T ∗)

(4.14)
and 
Γm =
(
1
Tvm
− 1
T
− 1
U
)−1
T ∗ =
(
1
T
− 1
U
)−1
T 0m =
(
1
Tvm
− 1
U
)−1
(4.15)
Usually U and α are set equal to θDm/3 and 0.7, respectively.
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Macheret’s model
Macheret et al in Ref. [111] describes the dissociation process using the
simplifying assumption of rigid rotor and harmonic oscillator, modeling the
collision within the impulsive approximation. The model acknowledges the
existence of two dissociation regimes: the dissociation from the upper levels,
which strongly depends on the vibrational temperature as opposed to the
dissociation of the lower levels that depends on the translational tempera-
ture.
The nonequilibrium factor of Macheret’s model is given by
Z(T, TV ) =
1− exp(−θV /TV )
1− exp(−θV /T ) (1− L) exp
[
−θd
(
1
TV
− 1
T
)]
+
L exp
[
−θd
(
1
Ta
− 1
T
)]
(4.16)
where the expression of L depends on the species involved in the collision.
If the collision takes place among an atom and a molecule
L =
9
√
pi(1− α)
64
(
T
θd
)1−n [
1− 5(1− α)T
2θd
]
(4.17)
For molecule-molecule collisions:
L =
2
√
pi(1− α)
pi2α3/4
(
T
θd
)3/2−n [
1 +
7(1− α)(1 +√α)T
2θd
]
(4.18)
Figure 4.1 shows the reaction rate constants of N2 due to the interaction
with N atoms, using the different models described. In addition, we plot the
value estimated in Ref. [25], and based on the accurate quantum mechanical
calculations presented in Ref. [40, 90]. As we can observe, Macheret’s model
is found to give the best agreement with dissociation rates and it has the
great advantage of not requiring any adjustable semi-empirical parameter.
Reasonable agreement is shown for the predictions based on the model of
Treanor and Knab as opposed to Park’s model predictions, which strongly
underestimate the rate of dissociation.
Remark: The backward rate constants are computed by means of the de-
tailed balance in all the models presented:
kb =
kfeq
Kc(T )
=
CTne−θ
D
m/T
Kc(T )
(4.19)
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Figure 4.1: N2 − N. Comparison of the dissociation reaction rate con-
stants in thermal nonequilibrium: (◦) NASA Ames chemists Ref. [25]; (dash-
dotted line) Treanor and Marrones’ model; (unbroken line) Park TTV model;
(dashed line) Knab’s model; (×) Macheret’s model.
Other reactions
The influence of the internal excitation on the chemistry, usually limited to
the introduction of a correction factor for the dissociation, is extended by
Knab et al to exchange, associative ionization and electron impact dissoci-
ation reactions.
For exchange reactions the formulation is similar to dissociation. The rate
constant is given by:
kf = Z3CT ηe−θa/T (4.20)
where θa is the activation energy in K:
Z3 =
Q
θDm
Vm
(T )
Q
θDm
Vm
(Tvm)
 e−αθa/TQαθaVm (Γm) +QθDmVm(T 0m)−QαθaVm (T 0m)
e−αθa/TQαθaVm (−U) +QθaVm(T ∗)−Q
αθDm
Vm
(T ∗)
 (4.21)
The definition of the ”temperatures” T ∗ and T 0m is the same as before. In
this case m indicates the molecule being destroyed. The expression for the
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backward rate constant is slightly different from the previous case, taking
into account the nonequilibrium effects, as follows:
kb = Z5
kfeq
Kc(T )
= Z5
CT ηe−θa/T
Kc(T )
(4.22)
where:
Z5 =
Q
θDm
Vm
(T )
Q
θDm
Vm
(Tvm)
QθDmVm(T 0m)
QθaVm(T
∗)
 (4.23)
In Equation 4.23 m refers now to the molecule being created.
For electron impact dissociation reactions the equations to be used are
the same given for dissociation from heavy particle impact. The only dif-
ference is that the free electron temperature Te replaces T in all expressions.
For associative ionization reactions the backward rate constant reads:
kf = CT ηe−θa/T (4.24)
while for the backward rate we have:
kb = Z5
CT ηe−θa/Te
Kc(Te)
(4.25)
Finally for electron impact ionization:
kf = CT ηe e
−θa/Te and kb =
CT ηe e
−θa/Te
Kc(Te)
(4.26)
When Knab’s model is not employed, the expression used for forward and
backward rate constants, with emphasis on the temperature dependence can
be found in Table 4.1.
4.2 Energy exchanges among energy modes
The second part of the chapter deals with the modeling of the source terms
in the relaxation energy equations discussed in Chapter 2. A correct rep-
resentation of these terms is extremely important, since they allow for the
determination of the vibrational and electronic temperatures2, which are
used in the modeling of the reaction rate constants discussed in the forego-
ing sections.
2We refer to the temperature of the electronic levels and the free electron energy that
are assumed to be in equilibrium.
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Reaction krf k
r
b
Exchange kf = CT ηe−θa/T kb =
CT ηe−θa/T
Kc(T )
Associative ionization kf = CT ηe−θa/T kb =
CT ηe e
−θa/Te
Kc(Te)
Electron impact ionization kf = CT ηe e
−θa/Te kb =
CT ηe e
−θa/Te
Kc(Te)
Table 4.1: Recommendation for multiple temperature rate constants for
different types of reactions.
4.2.1 Vibrational Translational exchanges
The rate of vibrational-translational energy transfer follows a Landau-Teller
formula:
ΩV Tm = ρm
eVm(T )− eVm(Tvm)
τV Tm (T )
, m ∈ V. (4.27)
Equation 4.27 is valid for harmonic oscillators and it relies on the following
three assumptions:
• the transitions occur only among neighboring states.
• the rate constants for such transitions are proportional to the quantum
number.
• the levels are populated according to the Maxwell-Boltzmann distri-
bution.
The average relaxation time is given by the quantity:
τV Tm =
∑
j∈H
(ρj/Mj)/
∑
j∈H
[ρj/(MjτV Tmj )] (4.28)
where the species relaxation time τV Tmj is based on Millikan-White’s formula
including Park’s correction [146] to avoid that the relaxation times become
smaller than the time required for a collision to take place.
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The Landau-Teller formula nicely reproduces the behavior of diatoms at
low temperatures (< 5000K). However, as the temperature rises, the re-
laxation tends to follow a diffusion type equation as explained in [138].
To account for the slower relaxation at high temperature, Park introduced
a correction factor which simply multiplies the Landau-Teller formula as
follows:
ΩV Tm = ρm
eVm(T )− eVm(Tvm)
τV Tm (T )
∥∥∥∥ Tsh − TVTsh − TV sh
∥∥∥∥s−1 , m ∈ V. (4.29)
where with the index sh we indicate the post shock conditions and s =
3.5 exp (−5000/Ts).
The use of such a correction, although straightforward for one dimensional
analysis where the shock is considered as a discontinuity, is not immediate
when using CFD solvers with shock capturing, owing to the obvious diffi-
culties in defining the post shock conditions. Therefore Park’s correction is
not used in the manuscript if not indicated otherwise.
4.2.2 Vibrational vibrational exchange
When using a multitemperature approach the energy exchanges among the
vibrational energy modes of the different molecules must be accounted for.
For the vibrational-vibrational energy exchange, different formulations have
been tested. The one proposed by Candler [33] is inconsistent in the sense
that at thermal equilibrium, it differs from zero. Hence, the modified version
of Knab et al [95] has been chosen:
ΩV Vm =
∑
l∈V
NAσmlPml
√
8RT
piµml
ρl
Ml
ρm
(
eVm(T )
eVl (Tvl)
eVl (T )
− eVm(Tvm)
)
(4.30)
where the exchange probability Pml is assumed to be equal to 10−2, as
suggested in Ref. [33]. Symbol µml denotes the reduced molar mass, and
NA, the Avogadro’s number. In the flow conditions analyzed the vibrational
vibrational exchange terms have been found of secondary importance with
respect to the other energy exchange processes.
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4.2.3 Elastic energy exchange: free electrons - heavy
particle
The energy lost by electrons through elastic collisions with heavy particles
is written as follows:
ΩET =
3
2nekB (T − Te)
τETe (Te)
. (4.31)
The relaxation time is obtained from kinetic theory, 1/τETe =
∑
j 6=e(me/mj)νej ,
where the collision frequencies read νej = (8/3)venjΩ¯11ej . The value of the
Ω¯11ej needed to evaluate the collision frequency can be found in [174].
4.2.4 Free-electron vibrational coupling
To model the exchange between the vibrational energy and the free-electron
energy, we only consider molecular nitrogen, since this molecule is more
efficient than O2 and NO for this kind of process. This rate is assumed to
follow a Landau-Teller formula:
ΩEV = ρN2
eVN2(TvN2 )− eVN2(Te)
τEVe (Te)
. (4.32)
The relaxation time taken from Ref. [21] is preferred to the analytical form
of Lee [108], which overestimates the relaxation time by a factor of 2-3 [21].
4.2.5 Coupling Chemistry internal energy modes
At high speeds, it is important to account for the energy lost by the free
electrons during ionization of the atoms and molecules, as already stressed
in Ref. [146]-[157]. Otherwise, electron impact ionization reactions, and in
general all the reactions involving free electrons, produce a large amount of
free electrons without depleting their kinetic energy, thus enhancing their
production. This phenomenon may lead to an avalanche ionization with
consequential related numerical problems, especially for high speed condi-
tions. Here is an expression for the related source terms for electron-impact
ionization reactions:
ΩI =
∑
r∈RI
ω˙e,rUr, (4.33)
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where Ur is the reaction enthalpy of the r reaction, and ω˙e,r, the electron
chemical production term of the r reaction. Symbol RI denotes the set of
indices of the electron-impact ionization reactions. The term ΩI accounts
for the energy removed by electron-impact ionization reactions.
4.2.6 Vibration-Chemistry-Vibration coupling
The chemical reactions depleting or producing molecules affect the average
vibrational energy in the gas. Hence the presence of chemistry in the flow
imposes the introduction of an additional energy source term into the vi-
brational energy equations.
The source term ΩCVm is given by the following expression:
ΩCVm = Gapprm ω˙
f
m +Gvarm ω˙
b
m (4.34)
where Gapprm indicates the average vibrational energy lost due to chemistry
and Gvarm represents the average vibrational energy gained thanks to chem-
istry. The terms ω˙fm and ω˙
b
m are the terms of destruction and production of
the molecule m due to chemistry.
The determination of the exact amount of energy depleted by a specific
chemical reaction is a challenging task, which can be accomplished rigor-
ously in the framework of a state-to-state (or collisional radiative models,
Chapter 6) approach [40, 59]. However the applicability of such approaches
to CFD is restricted due to the large number of equations to be solved and
to the huge number of kinetic processes to be modeled.
In literature different models have been created to correctly account for
the vibrational energy losses due to dissociation reactions. Among them it
is common to distinguish between preferential and non-preferential disso-
ciation models. The non-preferential models prescribe an equal probability
of dissociation from all the quantum levels of the molecules as opposed to
the preferential dissociation model based on the assumption that dissoci-
ation takes place from the upper vibrationally excited states. Hence the
molecules in the lower vibrationally excited states must ladder climb to the
higher states before dissociating.
The most commonly used models based on the preferential-dissociation con-
cept in the literature are now briefly outlined, highlighting the hypotheses
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on which each of them rely.
Treanor and Marrone
The main hypotheses of this model were outlined in Section 4.1.1, when
discussing the effects of the vibration on chemistry. This leads to the fol-
lowing expression for the the mean energy lost (Gapprm) or gained (Gvarm)
Gapprm =
Riθ
v
m
e−θvm/U−1 −
Riθ
D
m
e−θDm/U−1
Gvarm =
Riθ
v
m
eθ
v
m/TF−1 −
Riθ
D
m
eθ
D
m/TF−1
(4.35)
where θm is the dissociation energy in K and the averaged temperature
has the following expression:
TF =
(
1
TV
− 1
T
− 1
U
)−1
(4.36)
Since U characterize the distribution of the dissociation probabilities the
energy loss or gained is strongly affected by its definition. Experimentally
was observed that behind a shock wave the energy lost due to dissociation
corresponds to about 30 % of the dissociation energy.
Knab’s model [96] is a preferential dissociation model which extends the
work of Treanor and Marrone to exchange and associative ionization reac-
tion.
Macheret’s model
The energy loss due to chemistry for Macheret’s model are briefly outlined
hereafter:
Gapprm =
eV ?(krf (T, TV ))l +Riθd(k
r
f (T, TV ))h
Z(T, TV ) k
eq
f
(4.37)
with eV ? = αRiθd
(
T
Ta
)2
. The symbols (krf (T, TV ))l and (k
r
f (T, TV ))h
represent the dissociation rate coefficient for the low and high vibrational
levels respectively. The formula for the rate coefficient from low vibrational
levels is:
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(krf (T, TV ))l = (1− L)ArT η exp
[
− θd
Ta
]
(4.38)
The expression of the rate coefficient for the higher levels is:
(krf (T, TV ))h =
1− exp(−θV /TV )
1− exp(−θV /T ) LArT
η exp
[
− θd
TV
]
(4.39)
The energy gained reads:
Gvarm = Riθd[α(1− L) + L] (4.40)
Non-preferential models
As the free-stream kinetic energy becomes much larger than the dissoci-
ation energy of the molecules, dissociation tends to occur with equal prob-
ability from all the levels and the ladder climbing process is not required
to dissociate. The simplest of the models which does not account for the
preferential dissociation is due to Candler [33] and the energy loss is given
by (ΩCVm = c1 e
V
mω˙). The constant introduced (c1) is equal to one for non-
preferential models and it assumes values larger than one when preferential
dissociation is accounted for.
Remark: The influence of the chemistry on vibration is already in part
accounted for in the V-T terms previously discussed. The relaxation time
τV Tm in Equation 4.27 is an average of the individual relaxation times of the
single species and therefore it depends on the composition [173].
4.3 Comparison preferential dissociation and
non-preferential dissociation models
The models described in the preceding sections are now applied to the re-
laxing flow behind a strong normal shock wave. The thermal and chemical
relaxation of the gas is governed by the system of equations presented in
Section 2.3.1.
The test conditions are indicated in Table 4.2, where the free stream
characteristic quantities are denoted by the subscript 1, and the post-shock
characteristic quantities by the subscript 2. Symbols u stands for the shock
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p1 [Pa] 15.0
T1 [K] 205
u1 [m/s] 7198
p2 [Pa] 10 960
T2 [K] 25 162
u2 [m/s] 1209
Table 4.2: Shock-tube flow characteristic quantities.
velocity. The mole fractions of nitrogen and oxygen are assumed to be
constant through the shock (xN2 = 0.79 and xO2 = 0.21). We recall that,
after the shock, the rotational temperature is equal to the post-shock gas
temperature T2, whereas the vibrational and electron temperatures are still
equal to the free stream gas temperature T1.
The air mixture used to perform the simulation accounts for neutral
species N2, O2, NO, N, O, and for charged species N+2 , O
+
2 , NO
+, N+,
O+, and e−. The kinetic mechanism used, was compiled by Park and de-
scribed in Ref. [146].
The results obtained with the preferential dissociation model of Treanor
(assuming (U = θd/3)), are compared to the ones obtained with Park model
(coupled with the non preferential model of Candler) in Figure 4.2. A first
difference can be observed in the vibrational relaxation process: Park’s re-
sults in dashed line present a maximum in the vibrational temperature when
T = TV , as opposed to all the other models, for which the vibrational tem-
perature does not overshoot the translational one. This is due to the weaker
value of the ΩCVm source term for the non-preferential models, which is about
10 times smaller than the corresponding term in the preferential dissocia-
tion models [69]. Hence the derivative of the vibrational temperature is
governed by the Landau Teller expression of the VT source term and be-
comes zero when T = TV . Different is the behavior of Knab (in Figure 4.3),
Macheret (in Figure 4.4) and Treanor’s model (in Figure 4.5) which exhibit
in general lower vibrational temperatures (especially for O2). Dissociation
in these models removes in general a large amount of energy, if compared to
the non-preferential dissociation models. Hence the vibrational temperature
in the post shock regions tends to be lower. Furthermore we can notice a
minimum in the vibrational temperature of O2 which is due to a strong dis-
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Figure 4.2: Temperature profiles. Comparison among the preferential
dissociation model of Treanor and Marrone (unbroken lines) and the non-
preferential dissociation model of Park-Candler (dashed lines).
sociation coming from the upper vibrational levels of this molecule. When
dissociation is almost completed the quick energy exchanges with the atoms
restore the thermal equilibrium.
Since the preferential dissociation models require a sufficient vibrational
excitation to promote the onset of dissociation, the chemical reactions and
in particular the dissociation is slowed down (Figures 4.7-4.6).
The evolution of the composition in Figure 4.6 compares the three preferen-
tial models previously discussed. We can observed that Knab model predicts
larger dissociation rates which leads to larger fall off rates for the molecular
species followed by a sharper reduction of the translational temperature3.
Knab in Ref. [97] introduces an additional parameter with respect to Tre-
anor (α parameter in Ref. [97]) which gives a stronger dependence of the
dissociation rate to the translational temperature. Hence the dissociation is
enhanced and the results are closer to the non preferential dissociation mod-
els. Opposite is the behavior of Macheret’s model which predicts a slower
dissociation rate.
The evolution of the N2 and O2 in Figure (4.7) confirms the typical be-
havior of the Park model: at the beginning of the relation when the two
3The dissociation is an endothermic reaction and removes energy from the flow causing
a reduction in temperature and an increase of the density of the gas.
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Figure 4.3: Temperature profiles. The preferential dissociation model of
Knab is used in this figure. The symbol () represents the vibrational
temperature of N2; we indicate the vibrational temperature of O2 with the
symbol (4). Translational temperature is indicated with the symbol (◦) in
the figure.
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Figure 4.4: Temperature profiles. The preferential dissociation model of
Macheret is used in this figure. The symbol () represents the vibrational
temperature of N2; we indicate the vibrational temperature of O2 with the
symbol (4). Translational temperature is indicated with the symbol (◦) in
the figure.
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Treanor is used in this figure. The symbol () represents the vibrational
temperature of N2; we indicate the vibrational temperature of O2 with the
symbol (4). Translational temperature is indicated with the symbol (◦) in
the figure.
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Figure 4.6: Composition profiles for preferential dissociation methods. Un-
broken line indicates Knab’s model; dashed lines represent Treanor’s model
and the dotted lines indicate the results obtained with Macheret’s model.
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Figure 4.7: Comparison of the composition profiles obtained with Knab’s
model (unbroken lines) and the non-preferential model of Park-Candler
(dashed lines).
temperatures are very different the dissociation rates are underestimated
respect to preferential dissociation models [111]. As the vibrational tem-
perature increases, the dissociation rates obtained using the Park model
quickly becomes larger that the ones obtained with Knab’s model and the
Park model dissociate more.
Summary
This chapter briefly outlines the models used to express the mass produc-
tion terms and the energy exchange terms in the set of equations introduced
in Chapter 2. Particular emphasis is given to the interaction among chem-
istry and the relaxation of the internal energy modes: vibration-dissociation,
ionization-free electron energy.
In literature we can distinguish two different classes of models for the cou-
pling of vibration and dissociation: preferential and non-preferential disso-
ciation models. The models of Treanor, Knab, Macheret and the model of
Park coupled with the non-preferential dissociation model of Candler are
presented and analyzed. The analysis has led us to the conclusion that the
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interaction vibration-chemistry based on the preferential dissociation model
causes a reduction of the thermal and chemical relaxation rate. Also, among
the different models analyzed Macheret’s model predicts the slowest chemi-
cal and relaxation among all the models under investigation as opposed
to Knab’s model, which exhibits a behavior closer to the non-preferential
dissociation models and dissociates more than the others.
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Chapter 5
Multitemperature models: results
The forthcoming results present an analysis of the nonequilibrium flows in
compressing and expanding conditions by means of a one dimensional shock
tube code and a quasi one dimensional nozzle code respectively. The in-
ternal energy of shocked gases, mostly stored in the translational energy, is
transferred to the other energy modes and to the chemistry, thanks to inelas-
tic processes. The thermo-chemical state of the expanding gas, such as the
flows occurring in the off-stagnation point region in shock layers or within
the nozzles of ground test facilities, exhibit a substantially different form of
nonequilibrium. Owing to the high cooling rates and the high accelerations
imposed to the flow, the energy is mainly extracted by the translational
energy mode, whereas the internal structure of the gas tends to freeze, in-
ducing strong nonequilibrium effects. The objective of this chapter, besides
highlighting the thermo-physical characteristics of the flows, is the valida-
tion of the models previously discussed, before introducing the state specific
model, which, in part, relies on the multitemperature models.
The first section presents an analysis of the FIRE II testcase using the
one dimensional shock tube code within the multitemperature approach.
The second section is devoted to a validation of the nozzle code against
the model presented by Park in Ref. [147] and the multidimensional, multi-
temperature Navier-Stokes model of Bourdon [24].
5.1 Shock code: comparison with literature
We investigate the flow along the stagnation line of the FIRE II flight ve-
hicle for two points of its re-entry trajectory (Table 5.1), comparing the
results obtained with the one dimensional shock code with results provided
by Johnston in Ref. [93].
The non-preferential model of Candler, coupled with the TTV model of
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Time [s] 1634 1636
p1 [Pa] 2.0 5.25
T1 [K] 195 210
u1 [m/s] 11 360 11 310
p2 [Pa] 3827 9229
T2 [K] 62 377 61 884
u2 [m/s] 1899 1891
Table 5.1: Shock-tube flow characteristic quantities.
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Figure 5.1: 1634 s. Temperature profiles comparison with Ref. [93] (un-
broken lines). (×) results obtained with assuming a prescribed value of ΩI .
The dash-dot lines refers to the classical expression for ΩI
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Park to account for the influence of vibration on the chemistry, has been
used. The choice of this model is partially justified by the main objective of
this chapter, which is the ”validation” of the simplified codes. To this end
we chose to make use of the same model used by Johnston during its investi-
gation [93]. Nevertheless, owing to the high speed conditions simulated, we
feel that the use of a non preferential model better reproduces mechanisms
of dissociation of the molecules, which have sufficient energy to dissociate
directly from the lower states of the energetic ladder.
The temperature profiles for the first flight condition are shown in Fig-
ure 5.1. The shock, located on the left at x = 0, was fitted using the
Ranking-Hugoniot (R-H) equations and assuming that the chemistry and
the internal energy modes are frozen across the shock. Different is the ap-
proach of Johnston, which makes use of the shock slip equation [93], account-
ing for the dissipative effects across the shock. As a result the post-shock
vibrational temperature is higher than the free-stream value and the trans-
lational temperature is lower than the value given by R-H. As we shall see,
the difference in the model used to account for the presence of the shock
is responsible for the differences in the flowfield in the region close to the
shock.
The results were obtained using two different models for the source term
indicated as ΩI in the vibrational energy equation. Such a term is physi-
cally responsible for the depletion of the kinetic energy of the translational
energy of the free-electrons, due to the ionization processes by electron im-
pact. In the same figure, predictions indicated in figure as ”Shocking 1” and
”Shocking 2” differ dramatically. The curves indicated as Shocking 2 refer
to the case where this term is modeled using the expression of Chapter 4 as
opposed to the other curves (Shocking 1), which uses a preselected amount
of energy removed by each reaction involving free-electrons, computed based
the expression suggested in Ref. [93]
ΩI = −ωN+IN
+ − ωO+IO
+
(5.1)
where IN
+
= 4.05×108 J/(kg mol) and IO+ = 4.30×108 J/(kg mol), respec-
tively. We found roughly an order of magnitude difference in the ΩI term
using the two different models, the one prescribed by Johnston being smaller.
As a consequence the rate of electron production is greatly enhanced, since
the energy removal is lower, leading to a faster thermal equilibration. Strong
is also the effect on the dissociation by electron impact (Figure 5.2), which
strongly contributes to the production of atomic species. As we shall see
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Figure 5.2: FIRE II -1634 s. Number density profiles: Johnston’s re-
sults (unbroken line);(×) our results obtained with a prescribed value of ΩI ;
(dashed lines) classical approach ΩI .
in the second part of the manuscript, the collisional radiative model allows
us to correctly predict the amount of energy removed by the elementary
processes involving light particles, without imposing any prescribed value,
which may depend on the condition of the flow. For instance the use of a
prescribed source term in expanding flow produces an unphysical overpop-
ulation of the excited states, causing large distortion of the electronic levels
distribution [122]. Figure 5.3 presents the analysis of a second point in the
trajectory. The calculations have been obtained using the modified value of
Johnston for the ΩI source term. The agreement is qualitatively similar to
the one shown previously. The differences are restricted to a narrow region
close to the shock where the large differences in the assumed post-shock
temperature explain the differences in the evolution of the composition of
atomic species and free-electrons shown in Figure 5.4.
In conclusion the analysis of the two points in the trajectory of the FIRE
II experiment has shown the importance of the ΩI term and has given us
confidence in the prediction given by the one dimensional shock tube code.
The difference shown in the results are a consequence of the difference on
the boundary condition (initial condition) used to fit the shock and par-
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tially due to limits imposed to the temperatures driving the rate constants
in Johnston’s results.
5.2 Nozzle code: comparison with literature
To validate the nozzle code discussed in Chapter 2, comparisons were made
with results available in literature in Ref. [24, 147]. An effort was made to
use the same kinetic models and thermo-physical properties in the present
nozzle code as are applied in the reference solvers. The temperature and
species number densities predicted by quasi-onedimensional method and the
two reference results are compared in Figures 5.5-5.8 for the expansion in
the nozzle of two arc-jet wind tunnels. The results used for the first of the
two validation testcases were obtained using a solver (noznt) based on the
quasi-one dimensional method allowing us to validate the implementation
of our code. The analysis is restricted to the diverging part of the conical
nozzle under investigation, since the flow in the converging part is found to
be under equilibrium conditions.
The second comparison was made with the two dimensional Navier-Stokes
results of Ref. [24] for the expanding flow in the nozzle of the tt1 arcjet-
facility. This testcase was chosen to show how the one dimensional flow
solver is capable of reproducing the main physico-chemical features of the
flow along the symmetry axis of the nozzle.
Both comparisons were carried out assuming a Boltzmann distribution of
the electronic energy levels for the atomic and molecular species present in
the mixture as prescribed in the reference cases.
5.2.1 Comparison with NOZNT code
In Ref. [147] Park performs an analysis of the flow inside the Low Density
Wind Tunnel Nozzle of the H2 arc-jet facility (at Arnold Engineering Devel-
opment Center). A series of measurements made in the correspondence of
the nozzle outlet allowed for a validation of the noznt flow solver. noznt,
thoroughly described in Ref. [147], is a quasi-one dimensional nozzle solver
that solves the Euler equations by means of an implicit space marching
technique. Additional equations were added to account for the relaxation of
the internal energy modes. The model for air includes eleven species: N2,
N+2 , O2, O
+
2 , NO, NO
+, N, N+, O, O+, and e−. The kinetic model used
for the investigation was compiled by Park, and it is given in the reference
used for the comparison. Differences are present in the model for the ther-
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Figure 5.5: Temperature profiles in arc-jet wind tunnel (AEDC): compar-
ison with Ref. [147].
modynamics: we use the simplified models of harmonic oscillator and rigid
rotor model as opposed to Park which accounts for anharmonicity effects.
The arc-jet can run for reservoir pressures ranging from 5 to 95 atm with
enthalpies ranging from 5 to 10 MJ/kg. In our case the reservoir pressure
and enthalpy are respectively 5 atm and 9.7 MJ/kg, the flow is considered
to be in equilibrium.
Figure 5.5 shows the temperature profiles computed by the VKI nozzle
code and the ones obtained with noznt. As expected right after the throat
the internal energy modes freeze and corresponding temperatures deviate
from the ro-translational temperature. In particular the free-electron tem-
perature appears to strongly deviate from the other temperatures followed
by the vibrational temperature of molecular nitrogen which is strictly cou-
pled to the free electron temperature by means of electronic vibrational
energy exchanges[138].
The predictions of the two codes are in very good agreement for the five
temperatures considered in the investigation as depicted in Figure 5.5.
It is important to mention that the elastic exchanges among light and
heavy particles have been neglected as suggested in Ref. [147]. The choice
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of removing the energy exchange by elastic collision is justified by the com-
parison with experimental data. The inclusion of the foregoing source term
causes a significant lowering of the free-electron energy. In the following
sections however, the latter assumption will be discarded and elastic energy
exchanges among light and heavy particles will be accounted for.
5.2.2 Analysis of the TT1 arcjet-facility
Our predictions of the thermo-chemical state of the flow in the arc-heated
wind tunnel nozzle of the tt1 facility (located at Tsniimach, Moscow), are
compared against the calculations presented in Ref. [24]. The analysis pre-
sented in literature was carried out by means of a 2D finite volume Navier-
Stokes solver that benefits of advanced models for kinetics and energy ex-
change terms for the internal energy modes.
The air model applied consists of the following 5-species: N2, O2, NO, N
and O. A different vibrational temperature for each of the molecules present
in the mixture was used and the internal energy was modeled by making
use of the simplified model of harmonic oscillator and rigid rotator. The
forward chemical rates are taken from Park [146], while the backward rates
are obtained by applying detailed balancing. The constants required for
the energy exchange terms equation were discussed in Chapter 4, and are
believed to be consistent with what is applied in the reference case. In par-
ticular for the vibrational dissociation coupling the self-consistent model of
Knab [96] is applied.
Figure 5.6 shows the evolution of the composition inside the nozzle. The
agreement shown is satisfactory, since mass fraction profiles agree to within
less then 10% with the literature results. All the graphs (in Figures 5.6,
5.7, 5.8) are characterized by a plateau which is also present in the reference
calculation. The reason of such a feature is the geometry of the nozzle in
correspondence of the throat. In order to reduce the convective heating, the
throat has a constant area section of a few centimeters. As a result compo-
sition and temperatures do not change in this part of the nozzle.
The temperature profiles along the axis of the nozzle are depicted in Fig-
ures 5.7, 5.8 and they compare well with the Navier-Stokes predictions. The
plots representing the evolution of the vibrational temperatures of O2 and
NO compare well with reference results and since the agreement is similar
to the one depicted in Figure 5.8 , we do not report them here.
The present section shows that the quasi-one dimensional method gives
predictions of the thermo-physical state of the gas along the nozzle axis,
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Figure 5.6: Composition evolution in the contoured nozzle of the tt1
arcjet facility: comparison with Ref. [24]
which are in agreement with calculations carried out with a two dimensional
Navier-Stokes solver.1
A validation of the multitemperature model in expanding flows was re-
quired before applying the accurate modeling of detailed chemical kinetics
and coupling of the detailed kinetics with the flow, which although not
included here, is dependent on the energy exchange terms and on the relax-
ation process in general through the nozzle.
Summary and conclusions
The multitemperature models discussed in the foregoing chapters, have been
applied to the analysis of the flow behind a normal shock and in the expan-
sion through a converging-diverging nozzle. The analysis, while introducing
the reader to the main features of the nonequilibrium flows in compressing
and expanding conditions, aims toward the validation of two simplified flow
1In case of non-adiabatic expansion the conclusion may be rather different since the
total enthalpy of the flow is not conserved; differences in the temperature profiles may
appear [122].
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Figure 5.7: Ro-translational temperature in the contoured nozzle of the
tt1 arcjet facility: comparison with Ref. [24]
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Figure 5.8: Vibrational temperature of N2 in the contoured nozzle of the
tt1 arcjet facility: comparison with Ref. [24]
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solver against literature results. To this end our results are compared with
the viscous shock layer calculations of Johnston’s [93] for the compressing
case, and with the calculation of Park [147] and Bourdon [24] for the vali-
dation of the nozzle flow. In both cases, our results, show good agreement
with the reference results, in terms of composition and temperature profiles,
although some discrepancies, owing to the approximation introduced in the
fluid model (one dimensional assumption, inviscid flow), still persist.
Furthermore the importance of the correct modeling of the coupling of
the chemistry and the translational energy of the free electrons is briefly
discussed. The use of the classical formulation of the ΩI source term leads
to higher translational temperatures and lower degree of ionization in the
flow. The use of a prescribed source term based on an heuristic estimation
suggested by Johnston, allows for a better description of the thermo-physical
state of the gas in the shock layer, drastically reducing the extent of nonequi-
librium and increasing the degree of ionization. As we shall see in the next
chapter the use of Collisional Radiative model allows for an accurate esti-
mation of this term removing the needs for prescribed values which have
only a limited range of applicability.
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Chapter 6
Collisional Radiative models: atoms
In first part of this work, the physico-chemical properties of the air flow
were obtained through the shock layer by assuming that, for all the species,
the population of each internal (rotational, vibrational, or electronic) energy
mode follows a Boltzmann distribution at a specific temperature. Park has
extensively worked on multitemperature models for air and has also shown
that the internal energy level populations may depart from Boltzmann distri-
butions in expanding and compressing flows, for example in Refs. [138, 139].
Therefore, the use of multitemperature models, even if very efficient from a
computational point of view, can only be justified when the departure from
the Boltzmann population is small, i.e. for low velocity and high pressure
reentry conditions.
During high-speed entry, a significant portion of nonequilibrium shock-
layer requires a state specific treatment of the electronic state populations
of atoms and molecules in order to account for non-Boltzmann effects. Thus,
the electronic specific Collisional Radiative models, which takes into account
all relevant collisional and radiative mechanisms between the electronic en-
ergy levels, treated as pseudo-species, have to be employed. To this end
conservation equations for the pseudo-species are added to the classical set
of conservation equations for mass, momentum and energies, extending the
spectrum of applicability of the multitemperature models, to non-Boltzmann
distributions for the electronic energy mode.
When using CR models, we distinguish several ways to deal with time
integration and coupling with flow solvers. The most widely used approach
for time integration is the quasi-steady-state (QSS) approximation [15, 93].
This method is based on the simplifying assumption that the characteristic
time of processes involving excited states is extremely fast compared to the
one of the flow, therefore, concentrations of the species on excited states ad-
just almost instantaneously to the flow changes. The QSS assumption can
be used either for all excited levels or only for a limited number of them (e.g.
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high lying electronic levels). Various QSS CR models have been developed
for air [43, 159, 171] and used in 0D. For example, the electronic state-to-
state models given in Refs. [43, 159, 171] and the vibrational state-to-state
model in Ref. [43] have been developed to study nonequilibrium effects in
recombining plasmas at atmospheric pressure characterized by a free elec-
tron temperature larger than the heavy-particle temperature.
QSS CR models can be loosely coupled to flow codes [93, 138]; the profiles of
the thermodynamic variables (pressure and temperatures) and species mass
fractions are derived based on a flow calculation, then, the populations of
excited states are obtained at each desired location in the flow by means of a
QSS CR model [138]. Johnston [93] has used this approach (QSS electronic
state-to-state CR model [137]) to study the influence of the nonequilibrium
distribution of the electronic energy levels of atoms and molecules of air af-
ter a strong shock. He has shown that nonequilibrium populations strongly
affect the radiative heat fluxes.
The second approach for time integration is the so-called time-dependent CR
model, in which balance equations are solved simultaneously for all species
on ground and excited states without any constraint on the relaxation times
of the excited levels. Recently, a time-dependent electronic state-to-state
CR model for air has been developed and used in 0D in Ref. [27]. Different
typical re-entry flow conditions have been studied and significant differences
have been observed between the species concentrations calculated with the
CR model and the widely used multitemperature kinetic mechanisms of
Dunn and Kang [58], Park [145], and Gupta [79].
Time-dependent CR models can be either loosely, or directly coupled to
flow codes. The loosely coupled, or Lagrangian approach, is particularly
well adapted when the concentrations of excited states are much lower than
those of the ground state. In this method, the profiles of the thermodynamic
variables (pressure and temperatures) and the mass fractions of species are
also derived based on a flow computation. Then, in a second step, the ex-
cited species mass fractions are obtained by following accurately in time a
cell of fluid. For example, this method has been used for entries into the
atmosphere of Titan [115]; for low pressure conditions, significant deviations
of the excited electronic state populations of nitrogen molecules from QSS
predictions have been observed in the near-shock region.
In the directly coupled approach, state-to-state equations are solved simul-
taneously with classical conservation equations of the flow, this approach is
the most general one. In Refs. [38, 49], vibrational nonequilibrium has been
studied in supersonic air nozzle flows and, in Ref. [139], Park has shown
that the populations of upper vibrational levels deviate from a Boltzmann
Chapter 6. Collisional Radiative models: atoms 95
equilibrium and are strongly affected by the air chemistry, in particular, by
the Zel’dovich reaction between molecular nitrogen and atomic oxygen.
The present chapter is organized in the following manner. The analysis
begins with a general introduction to the CR modeling, discussing the dif-
ferent models found in literature (in Section 6.1).
We move then to a description of the abba model and its application to
the analysis of three points in the re-entry trajectory of the Fire ii flight
experiment (in Section 6.2).
The last part of the chapter is devoted the simulation of the flow inside the
East facility comparing the simulated radiative signature with the experi-
mental one (in Section 6.3).
6.1 Physical models
Aiming to a better understanding and a more reliable modeling of strong
nonequilibrium flows, we introduce the reader to the Collisional Radiative
modeling, discussing the building blocks of the method. In this section, we
restrict ourselves to the analysis of the non-Boltzmann description of the
electronic states of the atoms, leaving to the next chapter the analysis of
the full collisional radiative model including a state to state treatment of
the electronic states of the molecular species.
The first step consists in the definition of the electronic states consid-
ered in the CR model as pseudo-species. The discussion of the selection of
the levels as well as the grouping in macroscopic states is detailed in Sec-
tion 6.1.1.
The core of the analysis is constituted by the definition of the detailed ki-
netic, and radiative processes, which are the key points in the modeling rate
of production or destruction of each species or pseudo-species. Such pro-
cesses are discussed individually in Section 6.1.2. The last section (6.1.3) is
devoted to the formulation of the master equation, which yields the expres-
sion of the mass production terms for the pseudo-species as a results of the
contribution of all the kinetic and radiative processes considered.
6.1.1 Air mixture
The air we breath, consists of a mixture of nitrogen, oxygen and their prod-
ucts: argon as the other gas traces are neglected. Due to the wide range of
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temperatures and pressure studied, we take into account
• Neutral species: N2, O2, NO, N(1− 46), and O(1− 40),
• Charged species: N+2 , O+2 , NO+, N+, O+, and e−.
In accordance with the philosophy of the collisional radiative models we
considered the electronic levels of nitrogen and oxygen as separate pseudo-
species. Thus, the coupling of the atom electronic energy levels, through the
different elementary processes considered in the following sections, allows
for explicit determination of their excitation and the radiative signature of
the plasma without using any a priori assumption on their populations.
Nitrogen and oxygen atoms own a large number of electronic states (e.g.
nitrogen according to nist [117] accounts for 381 states) and a detailed
treatment of every single level is not practical and above all not needed [31].
The electronic structure of these atoms exhibits some similarities: both of
them present a large energy gap between the first two excited states, which
are metastable, and the other excited levels, which are clustered in a narrow
energy region close to the ionization limit. Also, as the principal quantum
number increases, the radiative processes become less efficient with respect
to collisions in populating and depopulating the states. Hence, the closed
spaced high lying states are likely to be in equilibrium with each other and
they can be grouped together in pseudo-states, reducing the number of lev-
els to be accounted for 1. In this work, we adopt the same selection of levels
and grouped levels, proposed by Bourdon in Ref. [22, 23].
Forty-six electronic energy levels for N and forty levels for O are accounted
for in Table A.1 found in appendix. They allow to accurately calculate: 1)
Ionization of the N and O atoms by electron impact; 2) The net population
of the metastable states N(2) =N(2D0), N(3) =N(2P0), O(2) = O(1D), and
O(3) =O(1S) resulting from electron induced processes.
Although the O−2 and O
− species can also be formed, their contribution
to chemistry can be considered to be negligible, as a result of the high tem-
perature level reached behind the shock wave and of the high rate coefficient
for detachment processes which follows.
1Such grouping is suitable to model kinetics but it is not adequate when modeling the
radiation spectrum. This can be resolved using a more detailed radiation transport
code in post processing.
Chapter 6. Collisional Radiative models: atoms 97
6.1.2 Elementary processes
The highly energetic particles in the plasma, interacting during a collision
with an atom or a molecule, can bring about a change of the quantum state
(excitation) or a chemical transformation (e.g. ionization). Also, the ex-
cited species can transit spontaneously to lower quantum states loosing some
energy in the form of electromagnetic radiation.
Such processes are often referred in literature as elementary processes. All
the elementary processes can be divided in two main categories: radiative
and kinetic processes. Among the kinetic processes we can distinguish the
processes induced by the interaction with electrons and processes involving
heavy particles.
The atoms and molecules are efficiently excited and ionized by electron
impact reactions; due to their weak mass, free electrons very easily change
occupation of the attached electrons of atoms. The free electrons are much
lighter than heavy particle, therefore their average collision frequency is also
larger (about 100 times). Such difference becomes very important at low
pressure conditions, where the nonequilibrium effects are strong, since un-
der these conditions the probability of reaction is governed by the collision
frequency [86]. Also, the interaction potential among electrons (charged)
and neutral particles is a long range type of interaction, as opposed to the
one involving neutral particles, which has a reduced range of influence. The
type of interaction strongly affects the cross sections which as a consequence
are large for processes involving electrons and relatively small for kinetic pro-
cesses among neutral particles.
The collisions among heavy particles may become important in situations
where the electron density is low, such as the flow behind a shock wave,
especially for atomic gases (e.g. argon). In this case, the heavy particles
are responsible for the creation of the prime electrons in the flow and for
the excitation of the other particles as well. The importance of such type of
collisions is discussed in greater detail in Chapter 7.
A review of the electron induced collisional processes is given in Sec-
tion 6.1.2.1, where the different models found in literature are described.
The comparison of the different kinetic mechanisms is provided in Section
6.1.2.2, whereas the discussion of the collisional processes due to the heavy
particles are given in Section 6.1.2.3. We close this part of the chapter with
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a brief discussion of the radiative processes due to atomic transitions (Sec-
tion 6.1.2.4). Further information concerning the elementary processes can
be found in Ref. [35, 46, 86, 165, 178].
6.1.2.1 Electron induced collisional processes
During the entry into a planetary atmosphere the gas in the shock layer
may become partially ionized. In such case the collisions of the free-electrons
with atoms and molecules strongly enhance the production of excited states.
In plasma flows, the excitation of a generic atom A induced by interaction
with light particles can be expressed as:
Ai + e− 
 Aj + e− for i < j
[
keij , k
e
ji
]
(6.1)
where keij (cm
3 s−1) and keji (cm
3 s−1) are the electron-impact excitation
rate coefficient and the de-excitation rate coefficient from the two quantum
states i and j.
Also, if the energy of the colliding electron is sufficient enough, the in-
teraction with an atom can result in ionization, which can be expressed
as:
Ai + e− 
 A+ + 2e− [βic, βci] (6.2)
where βic (cm3 s−1) and βci (cm6 s−1) are, respectively, the electron impact
ionization rate coefficient from the level i and the three-body recombination
rate coefficient on the same level.
Owing to the lack of experimental data or accurate quantum mechani-
cal calculations for many important electronic transitions, the estimation of
the rate coefficients (keij , βic) is often based on approximate models. Those
models are often created for simpler atoms (e.g. hydrogen) and are empir-
ically extended to the more complicated atoms. In view of the analysis in
the following sections it appears appropriate to briefly describe the basic
features of the models used throughout our investigation.
High-lying levels: Drawin’s Model
Drawin cross sections [54, 55] are widely used to describe excitation pro-
cesses in noble gases [26] and can be used to model the inelastic processes
for other species [27]. The semi-empirical formulas of Drawin are derived
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from quantum mechanics and contain adjustable parameters, which are cor-
rected to match experimental data.
We have expressed the rate coefficients under an analytical form derived
from integration of these cross sections over a Boltzmann distribution at the
electron temperature Te. For an electronic transition from the i to j level,
where j > i, the rate coefficient kei→j is a function of the secondary quantum
number l of each level involved
• For an optically allowed transition (li 6= lj):
ki→j = 4pi ve a20 α
(
EH
kB Te
)2
I1(a), (6.3)
where quantity ve = [8RTe/(piMe)]1/2 is the electron thermal speed;
R, the universal gas constant; Me, the electron molar mass; a0 =
0.529 × 10−10 m, the first Bohr radius; EH = 13.6 eV, the ionization
energy of the hydrogen atom; α = 0.05; and I1(a) = 0.63255 a−1.6454
exp(−a), with the reduced energy a = (j − i)/(kBTe).
• For an optically forbidden transition (li = lj):
ki→j = 4pi ve a20 α
(
j − i
kB Te
)2
I2(a)
with the same notations and where quantity I2(a) = 0.23933 a−1.4933
exp(−a).
The reverse processes are based on the micro-reversibility principle, the re-
verse rate is calculated from the equilibrium constant Keq(Te) = (gj/gi)
exp(−a).
For ionization of an atom under electron impact, Eq. (6.3) is used with α = 1
and a reduced energy a = (Ii − i)/(kBTe), where Ii is the energy of the
ground state of the ion related to that of the ground state of the atom.
Gryzinski’s Model
Gryzinski’s model [77] describes the interaction of electrons with the atomic
shell using classical mechanics with several ad hoc assumptions. In this
sense, the nature of his cross-section can be seen as semi-empirical, as are
Drawin’s formulas 6.3.
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The expression of the cross section for the excitation from the electronic
level i to the electronic level j reads
if (U + I − i ≤ )
σi,j() =
σ0
U2
(

I − i + 
) 3
2
[
2
3
I − i

U

(
1− I − i

)
−
(U

)2]
(6.4)
if (U + I − i > ) then
σi,j() =
σ0
U2
(

I − i + 
) 3
2 2
3
[
I − i

U

(
1− I − i

)
−
(U

)2]
[(
1 +
U
I − i
)(
1− U

)] 1
2
(6.5)
where σ0 = 8.4526 10−29 cm2J2, I stands for the ionization potential of the
atom considered. i indicates the energy of the i levels and the energy of
the free electron is indicated with . The symbol U indicates the threshold
energy, i.e. j − i (with i < j).
The cross sections are then integrated over the relative velocity (energy)
of the colliding partners assuming a Maxwellian distribution, as explained
in [77].
kei→j =
8pi
m
1/2
e
(
1
2pimekBTe
)[∫ ∞
U
σi,j exp
(
− 
kBTe
)
d
−
∫ ∞
U∗
σi,j+1 exp
(
− 
kBTe
)
d
]
(6.6)
where the Boltzmann constant is indicated as kB . The symbol U∗ stands
for j+1 − i.
Park’s Model
Park’s model [138] was one of the first collisional radiative models compiled
for the non-Boltzmann treatment of the atomic species. The excitation cross
sections are estimated using the hydrogenic model of Gryzinski [77]. Since
the hydrogenic approximation does not hold for the electrons close to the
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nuclei, some modifications to the rate constants for the processes involving
the two first metastable states have been adopted [142]. In order to differen-
tiate among optically allowed and forbidden transitions ad hoc assumptions
have been made (i.e. the rate coefficients for the forbidden transitions are
reduced up to 40%). The cross sections adopted for the modeling of ion-
ization processes are taken from Lotz [110] and were derived for hydrogen
atoms. However, since ionization comes mostly from the high-lying excited
states, which are hydrogenic, their use for nitrogen and oxygen atoms is
justified. For the molecules experimental rate coefficients, often measured
at low temperatures and extrapolated to higher temperatures are used. The
neqair package [137], widely used in the hypersonic community, employs
Park’s model for the prediction of the nonequilibrium radiation.
Frost’s Model
Frost et al. in Ref. [62] compiled a new set of inelastic cross sections for
atomic and ionized nitrogen. The data-set was obtained using the R-matrix
method and it validated using spectroscopic measurements in the visible
and Vacuum Ultra Violet (vuv) wavelength range using low pressure arc
plasmas. The inelastic transitions studied involve the excitation from the
ground state and two metastable states to the first 23 states of atomic ni-
trogen.
The values of the collision strengths compiled were validated for a range
of electron energy from 2 to 12 eV, which is a bit out of our range of inter-
est, since in general the free electron energy, for our application, is below 2
eV. However the use of such cross sections improves the agreement with the
experimental results as discussed in Section 6.3.
The rate constants provided by Frost have been fitted in Arrhenius form
using a least squared method and are available in appendix, in Table A.3.
6.1.2.2 Comparison of the different models: excitation and ionization
The rate constants for inelastic processes of atomic nitrogen and oxygen
were reviewed by Johnston in Ref. [93]. The present analysis aims at com-
paring Drawin’s model, extensively used in the next sections, against more
sophisticated models available in literature.
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Generally speaking, the use of universal formulas (e.g. Drawin, Gryzin-
ski) is particularly adapted to describe the transitions among the high lying
states close to the ionization limit, since their behavior is almost hydro-
genic. Moreover, for such transitions quantum mechanical calculations be-
come more complicated and the use of the approximate formulas becomes
necessary. On the contrary the behavior of the lower lying (e.g. metastable
states) excited states can and should be reproduced using quantum mechan-
ics. Hereafter we limit ourselves to an analysis of few transition involving
excitation and ionization from the lower lying excited states that requires a
more accurate modeling.
Figure 6.1 shows a comparison in terms of rate constants among Drawin,
Gryzinski, Park and Frost model. While the predictions given by Gryzinski
and Drawin agrees within a factor 2, different is the rate predicted by Frost
which is larger by 1 order of magnitude. The recent calculations of Huo [86]
(not shown in the plot), are lower than the predictions of Frost and shows
a better agreement with the simplified models of Drawin and Gryzinski.
Park’s predictions [138] are several orders of magnitude larger the the other
rates.
Figure 6.2 compares Drawin rates against Van Regmorter’s model, as
formulated in Ref. [93]. In the same figure we report Tayal predictions,
which rely on detailed quantum mechanical calculations. Tayal in Ref. [169]
gives the values of the inelastic collisions cross sections for transition from
the lowest three levels to the first 12 levels. Although the predictions of Frost
tend to depart at low temperatures from the two simplified approaches and
the detailed calculations of Tayal, all the different models are in reasonable
agreement except for the Park’s model, which seems to overestimate the
rate constant for the process under consideration. Similar conclusions were
found by Johnston [93] for this and other transitions.
The rate constants for excitation of oxygen atoms derived by Drawin are
now compared against rates obtained using more sophisticated quantum me-
chanical calculations [11, 70, 177] and other approximate formulas [2, 138].
In Figure 6.3, Drawin model seems to overestimate the rate constant for
the excitation from the fundamental state to the tenth excited level. The
agreement with the other predictions is acceptable, although for this transi-
tion the use of corrections for spin forbidden transitions, proposed by Drawin
and neglected in this work, would have improved the quality of the agree-
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Figure 6.1: Nitrogen. Rate constant electron impact excitation
N(1)→ N(4). Comparison among Drawin model (dashed line), Gryzinski
(unbroken line), Park (×) and Frost (dash-dotted line).
ment. In fact the spin forbidden transitions take place by substitution of the
bound electron with the free electron, lowering the cross section for inelastic
transition.
Figure 6.4 presents a comparison of Drawin model against accurate and
approximate calculations. Drawin’s rates are estimated using the equa-
tion 6.3 for allowed transition. Although we use the formulation of Drawin
proposed for the optically allowed transitions, the results are in good agree-
ment with the other approximate models and the calculations of Gordillo
Kunc [70]. Furthermore discrepancies are shown among the two more accu-
rate calculations which give lower rates for this transition.
Figure 6.5 shows rate constants for electron impact ionization reactions of
the first states of atomic nitrogen, using Drawin formula as in Ref. [93]. Such
model will be extensively used in Section 6.3 and was found to underestimate
the rate constant for direct ionization of the upper states by one order of
magnitude if compared to the model proposed in Section 6.1.2.1. Also, in
the same graph, we present the rates as predicted using quantum mechanical
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Figure 6.2: Nitrogen. Rate constant electron impact excitation
N(2)→ N(5). Comparison among Drawin model (unbroken line), Van Reg-
morter (dashed line), Park (dashed with two dots) and Frost (dash with one
dot). Tayal (×)
calculations in Ref. [86].
The results show a relative good agreement for the lower states as op-
posed to the higher states for which the two predictions gives different re-
sults. Both models however predict a characteristic behavior ionization rate
constant for oxygen and nitrogen atoms. The large differences in the ion-
ization rates between the metastable and the high-lying states justifies the
possibility discussed in Section 6.2.5.2 that the upper states will reach equi-
librium with the free electron before they reach Boltzmann equilibrium with
the lower states.
In conclusion we have shown that Drawin formulas and other simplified
models gives predictions that are in general with the order of magnitude
with the more accurate quantum mechanical estimations. The importance
of such differences will be assessed in Section 6.3 where some of the model
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Figure 6.3: Oxygen. Rate constant electron impact excitation
O(1)→ O(10). Comparison among Drawin model (dashed line), Gordillo
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presented have been used to reproduce the flow in a shock tube comparing
the synthetic radiative signature with the experimental one.
6.1.2.3 Heavy particles induced collisional processes
The collision between two atoms or between an atom and a molecule can
bring about electronic excitation of one of the colliding partner. Hence,
these processes have been included in the collisional radiative model. Such
elementary processes can be expressed as
Ai +M 
 Aj +M for i < j
[
kMij , k
M
ji
]
(6.7)
where kMij (cm
3 s−1) and kMji (cm
3 s−1) are, respectively, the heavy particle-
impact excitation rate coefficient for the transition from the level i to the
level j and its inverse, the de-excitation rate coefficient. The colliding part-
ner is indicated with M and refers to atoms or molecules.
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The excitation of the ground to the high lying energy levels as well as the
excitation among the high lying states have been estimated using Drawin
cross section in Ref. [56].
A linear form for the cross section was used σAij for excitation from the
ground or the metastable states towards highly excited levels:
σA−Aij () = β
A−A
ij (− Eji) (6.8)
where Eji is the threshold and  is the relative kinetic energy. We have
assumed that the cross section can be derived from the case of argon [26]
taking the mean value βA−Aij = 3.4× 10−25m2 eV −1.
For excitation between highly excited levels, we have considered, similarly
to argon, that Eq.(6.8) is applicable with βA−Aij = 8.69×10−22E−2.26ji m2 eV −1.
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Figure 6.5: Comparison rate constants for electron impact ionization pro-
cesses of N: (dashed lines) Huo’s results Ref. [86]; (unbroken lines) Drawin
rate constants Ref. [93].
Capitelli et al in Ref. [35] published rate constants for the excitation of
atoms from the ground state to the metastable levels based on experimental
data. Such data have been preferred to the rates given by Drawin model,
when available.
The excitation cross section of atoms by molecular impact can be approx-
imately written as [110]:
σA−Mij () = σ0
ln(/Eji)
/Eji
(6.9)
where σ0 ' 10−20m2.
Excitation by heavy particle impact are usually neglected in literature
given the small cross sections associated with these elementary processes [138].
In this work, we prefer to account for such processes in order to verify such
hypothesis in conditions where the electron density is relatively scarce (e.g.
post shock region).
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6.1.2.4 Atomic radiative processes
At speeds higher than 10 km/s, the radiative signature of heated N2 and O2
mixtures is mainly due to the spontaneous emission of the N and O atoms.
The bound-bound transition of an atom from an upper electronic state to a
lower one followed by emission of energy under the form of a photon can be
written as
Aj−→Ai + hν for i < j [Aji] (6.10)
where Aji (s−1) is the transition probability (Einstein coefficient) from the
level j to the level i. Since our atomic model is based on grouping el-
ementary levels having similar characteristics, the equivalent spontaneous
emission probability of each level has to be determined. Related data taken
from the nist (National Institute of Standards and Technology) database
Ref. [117] are given in Table A.2. In total, we take into account 45 sponta-
neous emission lines for N and 24 lines for O.
Radiative and dielectronic recombination
Radiative recombination is an interaction among a free electron and an
ions that bring about the formation of a neutral (in case of singly ionized
ions) atom with a consequent release of energy in the form of electromagnetic
radiation. The process can be expressed as
A+ + e− −→ Ai + hν
[
κRRi
]
(6.11)
where κRRi (cm
3 s−1) is recombination rate coefficient on the ith electronic
state of the atom. The inverse process is indicated as photo-ionization and
although it may be important for high speed re-entry, it requires the knowl-
edge of the radiation field and hence the solution of the radiative transport
equation [149, 178], which falls out of the scopes of this project.
Dielectronic recombination consists of two phases: firstly a electron inter-
acting with an ion form a metastable state of neutral atom (auto-ionization);
secondly the metastable state radiates a photon during the de-excitation
process (bound - bound transition). The process can be expressed as
A+ + e− −→ A∗ −→ Ai + hν
[
κRDi
]
(6.12)
where κRDi (cm
3 s−1) is the recombination rate coefficients on the level i
and A∗ represents an auto-ionizing state of the A atom.
The values of the recombination rates coefficients are given in Ref.[20, 22].
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6.1.3 Master equation
Taking into account the different elementary processes mentioned above, the
rate equations for the production of an excited atom on the level i can be
written as
ω˙
′
i
mi
=
dAi
dt
=
∑
j 6=i
kejiAjne +
∑
j 6=i
kMji AjNM +
∑
j>i
αjiAjiAj + αRRi κRRi neA+ +
neA
+
[
αRDi κ
RD
i + neβci
]−Ai
∑
j 6=i
keijne +
∑
j 6=i
kMij NM + neβic

(6.13)
where Ai refers to the number density of the ith electronic state of the
A atom; ne is the electron number density; mi is the species mass (mi =
Mi/NA). The symbol NM is the number density of the molecule M and
α indicates the escape factors for the radiative processes described, that is
: αji is related to the bound-bound transition from j to i, αRD refers to
dielectronic recombination and αRR refers to the radiative recombination.
The symbol A+ refers to the ion created when a bound electron of A is
stripped due to kinetic processes. The reverse kinetic processes, i.e. de-
excitation and recombination by electron or heavy particle impact have been
estimated using the detailed balance, hence reducing the amount of data
required.
ω˙i = ω˙
′
i + ¯˙ωi
where with ω˙i we indicate the production/destruction of pseudo-species
of type i. The term ω˙′i accounts explicitly for the kinetic and radiative el-
ementary processes (excitation, ionization ..) involving atomic species and
the interaction with heavy and light particles. The other reactions, such
as dissociation, exchange, associative ionization and their reverse processes
contribute to populate the electronic levels of atoms and are accounted im-
plicitly in the term ¯˙ωi. The expression of ¯˙ωi is given by the law of mass
action described in Chapter 4.
The overall number of kinetic and radiative processes exceeds 30000 and
this gives an idea of the complexity of the model if compared with other
over-simplified kinetic mechanism present in literature that do not account
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for more than 50 kinetic processes [58, 146].
The possible re-absorption of radiation is estimated making use of an
escape factors. In the following analysis, we assume that an optically thin
medium is described by a value of α = 1, whereas for an optically thick
medium α = 0.
6.2 Analysis of the FIRE II flight experiment by
means of a Collisional Radiative model
In the previous sections, the modeling of the kinetic and radiative elementary
processes was discussed, comparing different models derived from approx-
imate formulas or accurate quantum mechanical calculations. In the next
sections an hybrid CR model, referred in the following as abba model, is
used to analyze the behavior of the electronically excited states of atomic
species behind a strong shock. The model, developed by A. Bourdon and A.
Bultel, is thoroughly presented in Ref. [27]. Besides the detailed treatment
of the electronic levels of the atomic and molecular species, the original
model includes a vibrationally specific CR model for the NO+, which is
disregarded in this work.
We propose to study Fire ii [39], a reentry flight experiment carried out
in 1960s. One of the primary objectives of the Fire Project was to estimate
the heating that a capsule experiences at high speed conditions (≥ 10 km/s).
The focus of this project was the estimation of the radiative component of
the heat-flux by measuring directly the incident radiation using on-board
radiometers. Moreover, the data collected from the experiment can be used
for the validation of flow solver and physical models [93, 125, 134].
In the analysis that follows, we focus our attention on three different points
in the trajectory: 1634 s, 1636 s, and 1643 s (elapsed time from the launch).
The first two points chosen belong to the earlier part of the trajectory where
the flow exhibits strong nonequilibrium effects, whereas for the last point
under consideration, the gas is close to equilibrium conditions.
The investigation is carried out by means of a hybrid model that combines
the use of an electronic state-to-state CR model for the electronic levels
of the atoms and describes the thermal nonequilibrium effects of the other
energy modes by means of a multitemperature model. The choice of the
atoms is justified by the fact that, for the high temperatures reached at high
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speeds (≥ 10 km/s), the contribution to the radiative component of the heat
flux is dominated by atomic lines and continuum radiation [17, 92, 93], the
molecules being almost completely dissociated in this temperature range.
The rates of the electronic-specific reactions are based on the data of the
electronic state-to-state CR model recently developed by Bultel et al. [27].
A complementary set of reaction rates is taken from Park et al. [148]. In
this work, the time-dependent CR model is directly coupled with a one-
dimensional flow solver to simulate shock-tube experiments. Then, conser-
vation equations of mass, momentum, global energy, vibrational energy, and
free-electron energy are solved simultaneously.
The large number of elementary processes considered in the model will al-
low for a better understanding of the kinetic mechanisms for air plasmas,
enabling us to better reproduce the gas kinetics in the shock layer and also
describe the electronic energy level populations used to estimate radiative
heat-fluxes. Furthermore, as the state-to-state CR model is directly coupled
to the flow solver, a thorough analysis of the validity of the QSS assumption
is also carried out.
The physical model is presented in Section 6.2.1, with a description of the
CR part and the multitemperature part of the model. Section 6.2.4 is de-
voted to simulations of shock-tube flows representative of the Fire II flight
experiment. A comparison with results from literature [83, 93] is performed.
Then, validity of the QSS assumption is discussed, comparing three different
formulations with the fully coupled approach described in Section 6.2.5.4.
6.2.1 Physico-chemical modeling
The air mixture, described in Section 6.1.1, comprises 95 species including
the electronic energy levels of atomic nitrogen and oxygen. The vibrational
energy level populations of the N2, O2, and NO molecules are assumed to
follow Boltzmann distributions at the vibrational temperatures TvN2 , TvO2 ,
and TvNO, respectively; the vibrational populations of the other molecules
are associated with the vibration of the N2 molecule. The rotational en-
ergy level populations are assumed to follow Boltzmann distributions at the
translational temperature T of the gas. The CR model yields the electronic
state populations of the N and O atoms. Thus, their electronic temperature
does not need to be specified. The electronic energy populations of the other
species are assumed to follow Boltzmann distributions at the translational
temperature Te of the free electrons.
112 Chapter 6. Collisional Radiative models: atoms
6.2.2 Atomic elementary processes
The cross sections proposed by Drawin proved to be efficient in similar
conditions [54, 55], and are thus adopted here for excitation and ioniza-
tion processes induced by free electrons. The details are given in Section
6.1.2. Excitation and ionization from the inner core of the nitrogen and oxy-
gen atoms, i.e. from ground and metastable states, is poorly described by
approximate models. Hence, the use of accurate quantum mechanical cal-
culations or when available experimental data is required. For the electron
impact excitation of atoms from the ground states to the two metastable
states, the R-matrix calculations of Berrington [10] were used. The exper-
imental ionization cross sections from the ground states were reviewed by
Tawara [168] and are found to be in agreement with the quantum mechan-
ical predictions of Huo [86]. The ionization processes from the metastable
states of atomic nitrogen are taken from [94] and we have assumed that the
cross section for metastable oxygen has the same form when the shift due
to the different threshold is taken into account.
The rate coefficients have been extracted from the experimental cross
sections assuming a Maxwellian distribution for the free electrons and fitting
them in Arrhenius form [20, 27]
ki→j(Te) = AT−αe e
−θ/Te (6.14)
where A, α and θ are parameters. In Table 6.1 are summed up the param-
eters A, α and θ hence calculated for 2000K ≤ Te ≤ 10000K.
The excitation processes involving heavy particles (atoms and molecules)
have been neglected in the present section. Their influence on the electronic
population of the excited states and on the production of free electrons in
the post shock region is discussed in Chapter 7.
The bound to bound radiative processes, discussed in the preceding sec-
tion, have been considered, neglecting the less relevant radiative and dielec-
tronic recombinations. The optical thickness of the medium was accounted
for using escape factors which were set to 0 or 1 to model respectively the
optically thick and thin case. Within the approximation of optically thin
medium, all the radiation leaves the domain without interacting with the gas
as opposed to the optically thick case which assumes that all the radiation
emitted is immediately re-adsorbed.
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i j A α θ Ref.
N(4S0) N(2D) 1.720× 10−15 −0.280 28250 [10]
N(4S0) N(2P) 4.004× 10−16 −0.324 42860 [10]
O(3P) O(1D) 1.374× 10−17 −0.566 24600 [10]
O(3P) O(1S) 9.352× 10−19 −0.620 50110 [10]
N(4S0) N+(3P) 8.583× 10−16 −0.276 166870 [168]
N(2D) N+(3P) 7.732× 10−18 −0.711 139900 [94]
N(2P) N+(3P) 1.026× 10−17 −0.677 126310 [94]
O(3P) O+(4S0) 5.393× 10−18 −0.750 158330 [168]
O(1D) O+(4S0) 8.571× 10−18 −0.695 134190 [94]
O(1S) O+(4S0) 1.397× 10−17 −0.647 108800 [94]
Table 6.1: Parameters A, α and θ for the calculation of the rate coefficient
(in m3 s−1) given by Eq.(6.14) for the transition i→ j induced by electron
collision. θ is expressed in K. (Taken from Ref. [27])
6.2.2.1 Molecular elementary processes
The kinetic mechanism comprises:
• Dissociation of N2, O2, and NO by atomic or molecular impact /
recombination,
• Dissociation of N2 by electron impact / recombination,
• Associative ionization / dissociative recombination,
• Radical reactions (including Zel’dovich reactions),
• Charge exchange.
For direct dissociation by molecular impact, the rate coefficients of Park et
al. [148] are computed at the average temperature (T Tvi)1/2, where symbol
i stands for the index of the molecule being dissociated. The reverse rates
are computed at the gas temperature T based on the equilibrium constant.
The rate of the nitrogen dissociation reaction by electron impact and of the
reverse process is computed at the electron temperature Te based on the
same reference.
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Zel’dovich reactions are known to greatly influence the distribution of ni-
trogen and oxygen between atomic and molecular systems and contribute
to the destruction of O2 and N2 and the formation of NO. We have used
the rate coefficients obtained by Bose and Candler [13, 14] using a quasi
classical trajectory method performed starting from an ab initio potential
surfaces calculation.
The dissociative recombination of the molecular ions is known to play a im-
portant role in the case of recombining plasmas [26, 78, 121]. In addition,
the inverse process, associative ionization, allows for formation of the first
electrons in many cases, such as in shock-tubes and reentry problems, and
consequently, explains many ionizing situations. In our case, since N+2 , O
+
2 ,
NO+ are present in the plasma described here, dissociative recombination
has to be considered.
We have extracted the rate coefficients compiled by Teulet et al. [171],
Capitelli et al. [35] and Kossyi et al. [98] those related to charge transfer
(with possible re-association of atoms to form a molecule), re-association,
excitation transfer, ionization, and dissociation. Due to the pressure levels
involved in our CR model, we have also taken into account the previous
processes occurring when a third particle interacts. For further details, refer
to Ref. [27].
6.2.3 Shock-Tube flow solver
We have developed a one-dimensional flow solver, shocking, to simulate air
plasmas obtained in shock-tube facilities, based on the model presented in
Section 2.3.1. This model has been modified to simulate reentries at speeds
higher than 10 km/s, using a hybrid state to state model. First, a radiative
source term QRad has been added in the equation that expresses conserva-
tion of the total energy. Indeed, radiative transitions tend to deplete the
flow energy for an optical thin medium. Second, a separate equation for the
electronic levels of the atoms has been considered. These additional equa-
tions are solved in fully coupled manner with the momentum, total energy,
vibration and free-electron electronic energy conservation equation. Fur-
thermore the electronic energy of the atomic species, which is not governed
by a Boltzmann distribution, is not included in the conservation of the to-
tal electronic energy. Indeed the conservation of such energy is implicitly
imposed through the conservation equations for the pseudo-species.
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∂
∂x
(ρiu) = ω˙i, i ∈ S (6.15)
∂
∂x
(
ρu2 + p
)
= 0 (6.16)
∂
∂x
[
ρu
(
h+ 12u
2
)]
= −QRad (6.17)
∂
∂x
(
ρuyme
V
m
)
= ω˙meVm + Ω
V T
m + Ω
V V
m − ΩEVm , m ∈ V
(6.18)
∂
∂x
[ρu(yeee +
∑
i∈E
yie
E
i )] = −pe
∂u
∂x
+ ω˙eee +
∑
i∈E
ω˙ie
E
i − ΩI
−ΩE + ΩET + ΩEV (6.19)
where symbol S stands for the set of indices of the mixture species, V, the
set of indices of the N2, O2, and NO molecules, and E , the set of indices
of the N+, O+, N2, O2, NO, N+2 , O
+
2 , and NO
+ species, whose electronic
energy populations are assumed to follow Boltzmann distributions. Symbols
N and O stand for the set of indices of the electronic energy levels of the
N and O atoms. Thus, the set of indices of the heavy particles is given
by H = N ∪ O ∪ E and the set of the mixture species by S = H ∪ {e}.
The species energy ei, i ∈ S, comprises the translational and formation
contributions [ee = eTe (Te) + e
F
e ] for electrons; the translational, electronic,
and formation contributions [ei = eTi (T )+e
E
i +e
F
i ] for the electronic energy
states N(i), i ∈ N , and O(i), i ∈ O; the translational, electronic, and
formation contributions [ei = eTi (T ) + e
E
i (Te) + e
F
i ] for the N
+ and O+
ions; and the translational, rotational, vibrational, electronic, and formation
contributions [ei = eTi (T ) + e
R
i (T ) + e
V
i (Tvi) + e
E
i (Te) + e
F
i ] for all the
molecules, where Tvi is the vibrational temperature of the i molecule. The
number of electronic levels used to compute the energy of the ions and
molecules is tuned to yield the best matching agreement between values
of the computed energies and the reference tables of Gurvich et al. [80].
Energy of molecules is computed assuming the rigid rotor and harmonic
oscillator approximation (see Section 3). Spectroscopic constants are taken
from Ref. [80]. Electronic specific data have been used for the vibrational
and rotational constants of the molecules.
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6.2.3.1 Energy relaxation terms
Most of the energy source terms in the equations have been discussed in
the previous sections and stays unchanged. However some terms have been
modified to be utilized in the framework of the state to state approach.
Radiative losses are modeled by means of the QRad term in the energy
equation. This term represents the radiant power emitted per unit volume
and is directly given by the expressions
QRad = α
∑
i,j∈N
j<i
(Ei − Ej)AijNi + α
∑
i,j∈O
j<i
(Ei − Ej)AijNi (6.20)
where Aij is the Einstein coefficient, Ni, the number density of the excited
state, and α, the escape factor.
At high speeds, it is important to account for the energy lost by the free
electrons during ionization and excitation of the atoms and molecules, as
already stressed in Ref. [146]-[157]. Otherwise, electron impact ionization
reactions, and in general all the reactions involving free electrons, produce
a large amount of free electrons without depleting their kinetic energy, thus
enhancing their production. This phenomenon may lead to an avalanche
ionization with consequent related numerical problems, especially for high
speed conditions. Here is an expression for the related source terms for
electron-impact ionization and excitation reactions
ΩI =
∑
r∈RI
ω˙e,rUr, ΩE =
∑
r∈RE
ω˙e,rUr (6.21)
where Ur is the reaction enthalpy of the r reaction, and ω˙e,r, the electron
chemical production term of the r reaction. Symbol RI denotes the set
of indices of the electron-impact ionization reactions, and RE , the set of
indices of electron-impact excitation reactions. The first term ΩI accounts
for the energy removed by electron-impact ionization reactions, and the sec-
ond term, ΩE for the energy removal by electron-impact excitation reactions.
The coupling among vibration and chemistry was modeled using the non-
preferential model of Candler [33], which appears to be an appropriate
choice, given the high speeds that characterize the flight conditions. Further-
more the vibrational-translational relaxation was modeled using the Landau
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Teller formula without using Park correction to account for the diffusive na-
ture of the relaxation.
The final set of equations accounts for over hundred ODEs to be solved
simultaneously with the flow. The integration of the set of equations is per-
formed using lsode package which requires less then 5 minutes to perform
one full simulation over the entire shock layer.
6.2.4 Results
In this section, we apply the collisional radiative model previously described
to Fire ii, a well-known flight experiment from the 1960’s. One of the
primary objectives of the Fire project was to define the radiative heating
environment associated with the reentry of a large-scale Apollo vehicle at
a velocity of 11.4 km/s. During this reentry, a large portion of the overall
wall heat flux was due to radiation. Most of the radiation (approximately
90%) comes from atomic lines [93], thus, an accurate prediction of the pop-
ulations of excited electronic states of the atoms is crucial. The aim of the
present work is to test the CR model for different physico-chemical condi-
tions, from electronic energy level populations in strong nonequilibrium to
populations following Boltzmann distributions. Starting from the earliest
trajectory points, we move to a description of a point approaching peak
heating.
The first part of this section is devoted to thermal nonequilibrium effects
in the flow. We study the influence of separating the free electron energy
from the vibrational energy and compare our results for temperature and
ionization degree with literature data. The rest of the section is devoted to
a detailed analysis of the physico-chemical state of the plasma for three tra-
jectory points: 1634 s, 1636 s, and 1643 s elapsed time from the launch. The
validity of the QSS assumption often used to compute the excited electronic
states is investigated for the 1634 s case by comparing the electronic energy
level populations of atomic nitrogen obtained with the QSS assumption to
the populations obtained by means of the full CR model.
The set of shock-tube operating conditions corresponding to the three
trajectory points investigated here can be found in Table 6.2. Free stream
characteristic quantities are denoted by the subscript 1, post-shock char-
acteristic quantities by the subscript 2. Symbols u stands for the shock
velocity. The mole fractions of nitrogen and oxygen are assumed to be con-
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Time [s] 1634 1636 1643
p1 [Pa] 2.0 5.25 21.3
T1 [K] 195 210 276
u1 [m/s] 11 360 11 310 10 480
p2 [Pa] 3827 9229 24 506
T2 [K] 62 377 61 884 53 191
u2 [m/s] 1899 1891 1756
Table 6.2: Shock-tube flow characteristic quantities.
stant through the shock (xN2 = 0.79 and xO2 = 0.21). We recall that, after
the shock, the rotational temperature is equal to the post-shock gas temper-
ature T2, whereas the vibrational and electron temperatures are still equal
to the free stream gas temperature T1.
6.2.5 Analysis of the Fire II 1634 s case
We investigate the physico-chemical state of the plasma corresponding to the
1634 s trajectory point. We show that the flow is characterized by strong
thermo-chemical nonequilibrium and depleted populations of the upper elec-
tronic energy levels of atoms.
6.2.5.1 Thermal relaxation
In this section, we estimate the influence of the assumption of thermal equi-
librium between the free electron energy/Boltzmann electronic energy and
the vibrational energy of N2 on the results. Two different assumptions are
used: 1) Two separate temperatures: TvN2 , for the vibration of N2 and,
Te, for the translation of the free electrons and electronic excitation of the
species following a Boltzmann distribution; 2) One common temperature
TvN2 = Te for all these energy modes. After the shock, no electrons are
present since we have assumed the chemistry to be frozen in the jump re-
lations. Moreover, the electronic populations of molecular nitrogen and
oxygen follow Boltzmann distribution at the free stream temperature T1.
Figure 6.6 shows how thermal nonequilibrium (TVN2 6= Te) is restricted to a
narrow zone after the shock (≤ 0.4 cm) and has a negligible influence on the
evolution of the post shock temperatures and electronic energy populations
for atomic nitrogen. The populations of the higher energy levels computed
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based on TvN2 = Te are overestimated in this zone, as shown in Figure 6.7.
The thermal nonequilibrium zone is associated with a small electron number
density (see Figure 6.9). As soon as the electron density becomes signifi-
cant, thermal relaxation is very fast, via the efficient EV energy exchange
processes2.
Judging these discrepancies negligible, we have decided to assume that
TvN2 = Te in the remainder of this work and to solve the following equations
∂
∂x
[ρu(yN2e
V
N2 + yeee +
∑
i∈E
yie
E
i )] = ω˙N2e
V
N2 + Ω
V T
N2 + Ω
V V
N2 − pe
∂u
∂x
+ ω˙eee +
∑
i∈E
ω˙ie
E
i − ΩI − ΩE + ΩET
∂
∂x
(
ρuyme
V
m
)
= ω˙meVm + Ω
V T
m + Ω
V V
m , m ∈ {O2,NO} (6.22)
instead of Eqs. (6.18) and (6.19).
In Figure 6.8, we compare our four-temperature profiles (T = Tr, TvN2 =
Te, TvO2 TvNO) with the two-temperature profiles (T = Tr, Tv = Te) ob-
tained by Johnston [93]. While the vibrational free-electron temperature
results agree quite well, discrepancies are found in the relaxation of the ro-
translational temperature.
Figure 6.9 shows the electron number density for different values of the
escape factor α (from 0 to 1) and allows for the influence of the optical
thickness on the results to be emphasized. We can appreciate how the free-
electron number density rises rapidly after a distance of 0.4 cm due to the
electron-impact ionization reactions. In the optically thick case (α = 0), the
electron population reaches an asymptotic value, whereas in the optically
thin case (α = 1), the curve exhibits a maximum after which the plasma
loses energy and recombines due to radiative cooling.
In the same figure, we have also plotted the electron number density ob-
tained by means of the two-temperature model of Park [148] assuming a
Boltzmann distribution among the electronic energy levels. The rate of ion-
ization obtained in this case is higher.
2It is worth to notice that thermal nonequilibrium could have been even larger if the
relaxation time of Lee had been used instead of the one of Bourdon and Vervisch.
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Figure 6.6: 1634 s case. Temperature profiles. Comparison between the five
temperature model with TvN2 6= Te (unbroken line) and the four temperature
model with TvN2 = Te (dashed line).
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Figure 6.7: Electronic energy level populations for atomic nitrogen bm−3c :
CR model at 0.2 cm, 0.4 cm, and 0.6 cm; Boltzmann distribution at 0.4 cm.
Comparison between the five temperature model with TvN2 6= Te (unbroken
line) and the four temperature model with TvN2 = Te (dashed line).
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Figure 6.8: 1634 s case. Temperature profiles: CR model (unbroken line);
Johnston’s results [93] (dashed line).
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Figure 6.9: 1634 s case. Electron number density profiles: CR model with
escape factor values of 0, 0.1, 0.25, 0.5, and 1 (unbroken line); simplified
kinetic mechanism of Park et al. [148] (line with circles).
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Figure 6.10: 1634 s case, Species number density profiles.
6.2.5.2 Composition and electronic energy populations
Characterization of the physico-chemical state of the plasma in the shock
layer requires the knowledge of the chemical composition, as well as the de-
termination of the energy stored into the internal modes. In Figure 6.10,
we examine the evolution of the different species concentrations. We recall
that only molecular nitrogen and oxygen are present after the shock. These
molecules first dissociate, in particular, molecular oxygen tends to com-
pletely disappear in favor of atomic oxygen right after the shock, while the
full dissociation of molecular nitrogen is delayed. Ionization occurs simul-
taneously and produces free electrons, nitrogen atom ionization being more
efficient than ionization of the other species. Figure 6.11 shows electronic
state specific population profiles for atomic nitrogen.
It is interesting to mention that the upper electronic states are more reac-
tive than the ground state and lower (metastable) states. Immediately after
the shock, the populations of the excited levels tend to equilibrate with the
free electron populations that are in nonequilibrium. Moreover, we can ob-
serve how the atom populations are mainly in the ground electronic state at
the beginning of the relaxation, consistent with the kinetic mechanism as-
suming that dissociation of molecular nitrogen and oxygen generates atoms
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Figure 6.11: 1634 s case, number density profiles: N(1), N(2), N(3), N(4),
N(10), N(20), N(30), N(40).
in the ground state:
N2 + M 
 N(1) + N(1) + M
O2 + M 
 O(1) + O(1) + M
The same assumption holds for all the other reactions (in particular for the
Zel’dovich reaction responsible for the atomic nitrogen formation). This
assumption is justified since electronic excitation mainly occurs via electron
impacts; the number density of electrons is still low in the post-shock region.
After this incubation distance, the number density of electrons significantly
increases and the electronic states of atoms thermalize. The electron-impact
excitation processes:
O(i) + e− 
 O(j) + e−
N(i) + e− 
 N(j) + e−
are fast and the populations of excited electronic states rapidly increase. The
upper states are then depleted, in particular by ionization and spontaneous
emission, which explains the maximum found in the population profiles.
In order to characterize nonequilibrium of the populations, the num-
ber density of the electronic states of atomic nitrogen is compared in Fig-
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Figure 6.12: 1634 s case. Electronic energy level populations for atomic
nitrogen at 0.7 cm from the shock front [m−3]: CR model (line with circles),
Boltzmann distribution (unbroken line), Saha distribution (dashed line), and
Johnston’s results [93] (black diamonds)
ures 6.12- 6.13 with the Boltzmann and Saha distributions at two locations
after the shock. Both Boltzmann and Saha distributions are computed based
on the electron temperature Te by keeping the atomic nitrogen concentra-
tion constant. In logarithmic scale, they appear as two parallel straight lines
of slope proportional to −1/Te.
In Figure 6.12, at 0.7 cm from the shock, the CR model predicts that the
ground and metastable states follow the Boltzmann distribution, whereas
the number density of the highly excited states is much lower and tend to
the Saha distribution, following Te. This phenomenon is typical of nonequi-
librium conditions encountered during high speed reentries. Excellent agree-
ment is found with the results presented in Ref. [93].
Figure 6.13 shows the same quantities at 2.5 cm from the shock. Since we
have moved at further distance from the shock front, the flow tends towards
equilibrium, and the Saha distribution tends to the Boltzmann distribution.
Our model predicts that the high lying excited states are still being depleted
by radiative exchange with lower states. We notice that at this location the
comparison with literature is not as good. Our results show a higher degree
of nonequilibrium than in Ref. [93], closer to the Boltzmann distribution.
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Figure 6.13: 1634 s case. Electronic energy level populations for atomic
nitrogen at 2.5 cm from the shock front [m−3]: CR model (line with circles),
Boltzmann distribution (unbroken line), Saha distribution (dashed line), and
Johnston’s results [93] (black diamonds)
6.2.5.3 Standard QSS approach
Quasi-steady-state models are often used in the literature [93, 138] to study
electronic energy level populations in strong nonequilibrium conditions, un-
der which the hypothesis of a Boltzmann distribution does not hold. They
constitute a valid alternative to the time-dependent CR model presented
in this paper when the characteristic time of the excited state processes is
very short with respect to the characteristic time of the flow. As a conse-
quence, the set of mass conservation equations for the electronically excited
states given in Eq. (6.15) can be expressed as a set of non linear algebraic
equations to be solved separately from the other conservation equations. It
is important to emphasize that this operation does not reduce the compu-
tational cost if the electronic energy populations are computed everywhere
in the flow. The QSS assumption is only desirable when the populations of
excited states are probed at some locations of interest, for instance along the
stagnation line in multidimensional flow simulations, and therefore, allowing
for a drastic reduction of the computational cost versus the time-dependent
CR model.
It is well-known that the regime of validity of the QSS assumption is strongly
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influenced by a sudden change in the plasma conditions, such as after a
strong shock where the electron density is very scarce. Since the collisional
processes are responsible of the equilibration of the internal energy states,
in particular the processes involving electrons as collision partners, a lack of
electrons contributes to the failure of the QSS assumption.
In this section, we compare the results obtained by means of the time-
dependent CR model to the standard QSS methods presented in Refs. [93,
138]. First, we compute the profiles of the flow characteristic quantities
(pressure, temperatures, and composition) based on the effective reaction
rates of Park et al. [148] for air chemistry, widely used in the literature
but different from the mechanism given in Section 6.2.1. Then, the QSS
populations of excited states are computed at a given location by solving
the following system of ordinary differential equations
d
dt
yi =
ω˙i
ρ
, i ∈ N1 ∪ O1 (6.23)
where the index i runs over all the excited states of N and O, including
the metastable states. Our approach, formally different from the system of
nonlinear algebraic equations described by the law of mass action, ω˙i = 0,
i ∈ N1 ∪ O1, has an equivalent solution for t→∞. Our method presents the
advantage to overcome numerical problems sometimes encountered when us-
ing the algebraic formulation [93, 138]. The population of the ground states
is retrieved by ensuring that the total number density computed during the
flow calculation is conserved in the QSS calculation.
In the following analysis, we examine the first trajectory point at a lo-
cation of 0.7 cm from the shock front. We compute the electronic energy
populations of nitrogen atoms based on three models:
1. Full CR: the time-dependent CR model described in Section 6.2.1,
2. QSS Abba: QSS model with the same data for the atomic and radiative
elementary processes as in the full CR model,
3. QSS Park: QSS model with the energy levels and data for the atomic
and radiative elementary processes of Park [138].
The main differences between the various models are the coupling method
and the sets of data for the reaction rates. For both QSS models, the flow
calculations have been performed by clipping the reaction rates of Ref. [148]
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in order to avoid using them out of their validity range; the translational
temperature driving the rate constants has been limited to the value of
30 000 K. Moreover, the free-electron energy loss term for electron impact
ionization given in Eq. (6.22) is computed based on the expression suggested
in Ref. [93]
ΩI = −ωN+IN
+ − ωO+IO
+
(6.24)
where IN
+
= 4.05 × 108 J/(kg mol) and IO+ = 4.30 × 108 J/(kg mol),
respectively. In the full CR model, we recall that this term is directly
computed based on Eq. (6.21) from the expressions for the reaction rates
intrinsic to the model, without any a priori hypothesis.
Figure 6.14 shows a comparison between the results obtained by means
of the three models, the Boltzmann distribution, and Johnston’s results.
The full CR model and the QSS abba model yield electronic energy level
populations in rather good agreement with Johnston’s results. The QSS
abba model slightly under-predicts the population of the lower electronic
levels. The QSS assumption is a fair approximation at this location. The
differences between the QSS abba results and the QSS results of Johnston
are not well understood, they might be explained by the different data for
the electron-impact excitation rates of atoms or for the radiative processes.
The differences with respect to the QSS Park model for atomic and radiative
processes are significant: up two orders of magnitude for the upper levels
above the metastable states.
In conclusion, the standard QSS approach seems to be valid, at this loca-
tion, provided that a correct set of reaction rates is chosen for the model.
This choice should be based on a comparison of the computed results with
experimental data.
In the flow calculation, the need for a special adjustment for the effective
rate constants of Park et al. [148] (maximum temperature) and for the source
term responsible for the energy removal from the free electron temperature
makes difficult its extrapolation to generic flow conditions.
6.2.5.4 Towards a simplified CR model
In the foregoing section, we have studied the standard QSS approach by
comparing QSS results and time-dependent CR results at one location in
the flow. In this comparison, the reaction rate data are not identical, for
instance the rates of molecular elementary processes used in the full CR
model differ from the rates used in the QSS abba model. In this section, we
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Figure 6.14: 1634 s case, 0.7 cm from the shock front. Electronic en-
ergy level populations for atomic nitrogen [m−3]: full CR model (dotted
line), QSS abba model (line with diamonds), QSS Park et al. model [148]
(crosses), Boltzmann distribution (unbroken line), and Johnston’s re-
sults [93] (black diamonds)
further investigate the validity of the QSS assumption, based on the same
set of reaction rates, at several locations in the flow. This is a preliminary
step to derive a simplified CR model for reentries at speeds higher than 10
km/s, typical of Moon returns.
For this purpose, we compute the electronic energy populations of atomic
nitrogen for the first trajectory point (1634 s case) by means of the full CR
model. From the calculation, we extract the profiles of the flow character-
istic quantities (pressure, temperatures, and composition). Then, the QSS
populations of excited electronic states are computed at a given location by
solving the system of Eqs. (6.23). This approach is called “simplified CR
model” in the following.
The QSS distribution of excited states is computed by solving the set of
Eqs. (6.23). In the first model (simplified CR metastable) the index runs
from i = 2 to the total number of electronic levels for the atomic species,
whereas in the second model (simplified CR) the metastable states are con-
sidered in Boltzmann equilibrium with the ground state and i starts from
4. The latter hypothesis is justified by the small difference in terms of
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electronic energy among the ground state and the two metastable states
which enhances the excitation due to impacts with light and heavy particles
promoting thermalization. At the instant t = 0 the initial population is
assumed to be Boltzmann at the prescribed pressure and temperature con-
ditions3. A careful analysis of the system (6.23), reveals that the population
of the ground state and the one of the two metastable states (for the second
model, the simplified CR model) is needed in order to close the system of
equations. In the first case the population of the ground state is retrieved
summing the population of the excited states and subtracting this value to
the total number density given by the flowfield calculation.
The flow is investigated at three locations: 0.3 cm, 0.5 cm, and 1 cm from
the shock. The electronic energy level populations for atomic nitrogen are
shown in Figure 6.15. At 0.3 cm, the populations obtained by means of the
simplified CR model are higher than the populations obtained by means of
the full CR model; the QSS assumption is not valid in the near shock region.
This difference of populations is much more pronounced for the metastable
states that follow a Boltzmann distribution when the QSS assumption is
used. At 0.5 cm, all the excited states practically satisfy the QSS condition.
After 1cm, no difference is noticed between the results obtained by means
of the two models. An explanation is found by examining the characteristic
time for the atomic excitation and ionization processes. For instance, we
find that this characteristic time for the first metastable state is of the same
order of magnitude as the characteristic time of the flow 5×10−6 s computed
at 1 cm from the shock.
Based on this analysis, we recommend to keep the atomic metastable
states as separate species for this trajectory point and compute the upper
electronic states by means of a QSS model, in order to reduce the compu-
tational cost in multidimensional flow simulations. The CR model could
be used as a tool to derive effective reaction rates for the simplified mecha-
nism associated with this mixture of species and also the expressions for the
free-electron energy loss term for electron impact ionization and ionization
reactions.
3The initial distribution does not have any influence on the results that depend only on
temperature, pressure and the total number of atoms
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(a) 0.3 cm from the shock front.
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(b) 0.5 cm from the shock front.
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(c) 1 cm from the shock front.
Figure 6.15: 1634 s case. Electronic energy level populations for atomic
nitrogen [m−3]: simplified CR model (line with circles), full CR model (line
with diamonds), Boltzmann distribution (dashed line).
6.2.6 Analysis of the Fire II 1636 s case
6.2.6.1 Thermal nonequilibrium effects
In order to demonstrate that the one dimensional flow solver shocking is
capable of reproducing the main physico-chemical features along the stag-
nation line of reentry flows, except for the boundary layer region, we com-
pare our results to simulations obtained by means of validated flow solvers:
laura, dplr [83] and the viscous shock layer code of Johnston [93]. The
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Figure 6.16: 1636 s case. Temperature profiles: comparison with results
from literature Refs. [83]-[93]. CR model with escape factor values of 0 and
1 (unbroken line), laura code (diamonds), dplr code [83] (circles), and
Johnston’s results [93] (dashed line).
comparison is carried out for the temperature and ionization profiles.
In Figure 6.16, we show profiles of the translational temperature and the
molecular nitrogen vibrational temperature obtained by means of our CR
model (T and TvN2) and of the two-temperature reference models (T and
Tv). Noticeable differences are found in the thermal relaxation zone. The
post-shock translational temperature obtained by means of the shocking
code from the Rankine-Hugoniot relations is much higher than the values
obtained by the means of the laura and dplr codes and closer to the value
obtained by Johnston who used a discrete boundary condition (shock slip
condition). Another possible source of discrepancies is the absence of dis-
sipative effects in the CR model. The vibrational temperature obtained by
the means of the CFD codes is higher than the frozen value. Fair agreement
can be observed among all the results for the vibrational temperature of N2.
This is very important seeing its close association with radiation, electronic
excitation, and electron density [145].
The optical thickness of the medium plays an important role in our sim-
ulations. The upper curve (labeled α = 0) represents the optically thick
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Figure 6.17: 1636 s case. Ionization degree profiles: CR model with es-
cape factor values of 0 and 1 (unbroken line), laura code [83] (line with
diamonds), and Johnston’s results [93] (line with triangles).
case, and the lower curve (labeled α = 1), the optically thin case. A lower
temperature is obtained for an optically thin medium since the flow energy
is depleted by radiation.
In Figure 6.17, we compare the results obtained for the ionization degree.
In the case of an optically thick medium, it reaches a plateau; a fair agree-
ment is found with the literature. Large differences are found when radiative
cooling is taken into account since it reduces the degree of ionization. Our
model predicts that the ionization process is more rapid than the model
implemented into the laura code and into the viscous shock layer code.
6.2.6.2 Electronic energy populations
In Figures 6.18-6.19, the electronic energy level populations are shown at
0.5 cm from the shock front, for an electron temperature value of 12 883 K.
We clearly see that the low electronic energy levels tend to follow a Boltz-
mann distribution at the electron temperature, whereas, close to the ioniza-
tion limit, the excited electronic states approach a Saha distribution at the
electron temperature. Since the channels between the low and high lying
electronic states exhibit finite ionization rates, a lack of free electrons may
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Figure 6.18: 1636 s case, 0.5 cm from the shock front. Electronic energy
level populations of atomic nitrogen [m−3]: CR model (line with circles),
Boltzmann distribution (unbroken line), and Saha distribution (dashed line).
result in depleted populations for the highly excited states. The distribution
is no longer of Boltzmann type and the electronic temperature is no longer
defined.
The departures from the Boltzmann distribution, which are of the same or-
der of magnitude for atomic nitrogen and atomic oxygen, tend to reduce
the radiative contribution to the overall heat flux in the earlier parts of
the trajectory. For this reason, attempts to estimate the radiative flux as-
suming a Boltzmann distribution among electronic levels might lead to an
overestimation of this heat flux.
6.2.7 Analysis of the Fire II 1643 s case
In this section, we analyze a trajectory point close to peak heating. Fig-
ure 6.20 shows that the thermal nonequilibrium effects are located in a very
narrow region near the shock. The electronic energy level populations of
atomic nitrogen at 0.5 cm from the shock are given in Figure 6.21. It is
interesting to mention that these populations follow Boltzmann distribu-
tions in the entire domain. These results are explained by the values of the
post-shock pressure p2 given in Table 6.2, much higher than for the first
two trajectory points. At high pressures, the plasma is dominated by col-
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Figure 6.19: 1636 s case, 0.5 cm from the shock front. Electronic energy
level populations of atomic oxygen [m−3]: CR model (line with circles),
Boltzmann distribution (unbroken line), and Saha distribution (dashed line).
lisional processes; thermal relaxation is enhanced and the electronic state
populations tend towards Boltzmann distributions.
Conclusions
We study the behavior of the excited electronic states of atoms in the re-
laxation zone of one dimensional air flows obtained in shock-tube facilities.
A collisional radiative model is developed, accounting for thermal nonequi-
librium between the translational energy mode of the gas and the vibra-
tional energy mode of individual molecules. The electronic states of atoms
are treated as separate species, allowing for non-Boltzmann distributions of
their populations. Relaxation of the free electron energy is also accounted
for by using a separate conservation equation. We apply the model to three
trajectory points of the Fire ii flight experiment. In the rapidly ionizing
regime behind strong shock waves, the electronic energy level populations
depart from Boltzmann distributions since the high lying bound electronic
states are depleted. In order to quantify the extent of this nonequilibrium
effect, we compare the results obtained by means of the collisional radiative
model with those based on Boltzmann distributions. For the earliest tra-
jectory point, we show that the quasi-steady-state assumption is only valid
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Figure 6.20: 1643 s case. Temperature profiles with escape factor values
of 0 and 1.
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Figure 6.21: 1643 s case. Electronic energy level populations for atomic
nitrogen [m−3]: CR model (line with circles) and Boltzmann distribution
(unbroken line), 0.5 cm from the shock front.
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for the high lying excited states and cannot be extended to the metastable
states. In this work, we have studied the departure of the atomic electronic
energy populations from Boltzmann distributions for one dimensional air
flows obtained in a shock-tube. The operating conditions are taken from
three points in the trajectory of the Fire ii flight experiment at 1634 s,
1636 s, and 1643 s elapsed time from the launch. The results have been
obtained by means of a multi-temperature fluid model fully coupled with an
electronic-specific collisional radiative model. We have compared the flow-
field quantities and electronic energy populations with literature [83, 93]
and found a good agreement. We have also found that, for the first two
points of the trajectory (1634 s and 1636 s), the electronic energy level pop-
ulations of the N and O atoms depart from Boltzmann distributions since
the high lying bound electronic states are depleted. The analysis of the last
trajectory point (1643 s) reveals instead a Boltzmann distribution among
the electronic levels.
An analysis of the state of the flow for the first flight condition (1634
s) led us to the conclusion that the excited species of atoms satisfy the
quasi-steady-state assumption, except for the two metastable states. As a
consequence, the global rate coefficients and free electron energy loss terms
could be derived in the steady state based on our model, considering how-
ever the metastable states as separate pseudo-species governed by their own
chemical-kinetic mechanism.
Moreover, the validity of the standard QSS approach widely used by the
aerospace community has been tested; the results obtained by means of our
full CR model and the standard QSS model are found in good agreement.
It is important to mention that the full CR model is more general, since
the parameters governing the free-electron energy losses by electron impact
ionization are obtained from the expressions for the reaction rates intrinsic
to the model, without any a priori hypothesis.
Finally, we have shown that the populations of high-lying excited states of
atoms obtained by using the rates of Park [138] for electron-impact excita-
tion and ionization reactions are up to two orders of magnitude higher than
the populations obtained by using the rates of Bultel et al. [27], consistent
with the result of Johnston [93].
Chapter 6. Collisional Radiative models: atoms 137
6.3 Comparison with east experiments
The present section is committed to the partial validation of the electroni-
cally specific collisional-radiative model, thoroughly described in Section 6.2,
([27, 131, 134, 136]), against the recent measurements [66], given in Ref. [92]
and performed on the east shock tube facility. The analysis allows us to
extract useful information concerning the accuracy of the collisional and ra-
diative mechanisms used and at the same time to gain some insights on the
chemico-physical processes occurring behind strong shock waves.
In Section 6.3.1, we briefly recall the features of the physico-chemical
models implemented in the shocking code and we describe the modifica-
tions introduced in the abba model in order to improve the modeling of
the excitation and ionization by electron-impact and to enhance the agree-
ment with the experimental results. The choice to focus our attention on
the atomic processes is justified by the fact that, at high temperatures and
for high speed re-entry (≥ 10 km/s), the contribution of the radiative com-
ponent to the heat flux is dominated by atomic lines and continuum radia-
tion [17, 92, 93, 134], the molecules being almost completely dissociated in
this temperature range.
The radiative prediction, described in Section 6.3.2, is carried out on the
basis of the advanced tools available at the em2c laboratories (Le labora-
toire d’Energetique Moleculaire et Macroscopique, Combustion), based on
the spectroscopic database devoted to the study of the radiative transfer
for air plasmas under chemical and thermal equilibrium in the temperature
range 300 − 25000 K [41, 42, 52]. Atomic lines, which constitute the focus
of the present investigation, have been taken from the nist database [117].
The influence of the velocity and the pressure on the radiative signature of
the plasma is analyzed using high resolution spectra and radiative source
strength.
The section of results (§6.3.3) is divided in three parts. We first analyze
the physico-chemical state of the plasma in the post-shock relaxation zone
in terms of temperature profiles and population densities of the electronic
levels of the atoms.
We move then to the analysis of the radiative properties of the shock layer,
comparing the simulated radiative signature with the experiments. Consid-
erations on the optical properties of the gas are also discussed in this part
of the manuscript.
138 Chapter 6. Collisional Radiative models: atoms
In the last part of the section we focus our attention on the influence of
the chemical kinetics on the results. In this part a new set of cross sections
for the elementary processes of excitation and ionization are also tested.
Moreover the influence of the shock speed on the radiative intensity is inves-
tigated, analyzing in detail the influence of the ionizational nonequilibrium
on the radiative signature.
6.3.1 Physico-Chemical modeling
Numerical predictions are carried out by making use of two different codes:
shocking code [131, 134] for the flowfield calculations and the radiation
code solver developed at em2c for the study of radiative processes.
The first numerical tool is used to model the chemico-physical phenomena
taking place in the relaxation zone behind a shock wave, whereas the second
code is used to model the radiative signature of the high temperature gases.
shocking describes the post-shock relaxation process by means of 1D
Euler equations fully coupled with a set of equations describing the ther-
mal relaxation processes (Section 6.15). In the present contribution only
one temperature TV is used to describe the nonequilibrium relaxation for
vibration and electronic excitation processes of the molecules. Hence when
equilibrium among the vibrational levels of all the molecules is assumed, the
vibrational and electronic conservation equation takes this form:
∂
∂x
[
ρu
(
eV + yeee +
∑
i∈E
yie
E
i
)]
= −pe ∂u
∂x
+
∑
i∈E
ω˙ie
E
i − ΩI − ΩE +
ΩET +
∑
m∈V
ω˙me
V
m + Ω
V T
(6.25)
The collisional radiative model is coupled with the flowfield model to de-
termine the evolution of the electronic population densities of the atoms.
The populations of the internal levels of the atoms are modeled by means
of a CR model writing a master equation for each electronic level consid-
ering it as separate pseudo-species. Conservation equations of mass, mo-
mentum, global energy, vibrational and free-electron-electronic energy are
solved simultaneously, as opposed to Lagrangian methods [115] and quasi-
steady-state approximations [15, 93] where the electronic populations are
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determined subsequently to the flow calculation.
6.3.1.1 Kinetic mechanisms
Behind strong shock waves, the population of the electronically excited
states is assumed to depart from the equilibrium distribution and to be
governed by finite rate kinetics. A detailed description of the processes that
populate and de-populate the electronically excited states, was given in Sec-
tion 6.1.2. In this work, the rate constants for the radiative and kinetic
elementary processes are taken from Ref. [27]. Moreover, in order to assess
the influence of the kinetic processes on the results, we decided to modify the
kinetic data set, governing the excitation and ionization by electron impact.
Since the electronic excitation of atoms directly affects radiation, a direct
comparison with the measured intensity diagrams can give an idea of the
accuracy of the model used. The importance of the atomic line radiation for
high speed entry conditions has been discussed in Ref. [17, 92] and justifies
the need for a sensitivity study.
6.3.1.2 Excitation by electron impact
The non-elastic cross sections for ionization and excitation by electron im-
pact exhibit a surprising degree of regularity and have been the subject
of considerable theoretical research [120]. Several ”universal” formulas for
these cross sections have been proposed.
The original set of rate constants implemented in the abba model is based
on direct integration of Drawin [54, 55] cross sections. In the following
different kinetic mechanisms will be tested:
• Gryzinski cross sections [77], (see Section 6.1.2) which were derived on
the base of classical calculations within the hydrogenic assumption.
• Frost et al. [62] rate constants, (see Section 6.1.2) based on R-matrix
calculations.
6.3.1.3 Ionization by electron impact
Two different formulations Ref. [55] and Ref. [93]) for the electron impact
ionization are used in the present contribution, and both are based on the
work of Drawin. The first model is used in the baseline abba model [27],
whereas the second model is used in the CR model of Johnston [93]. It is
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important to notice that a direct comparison of the rate constants shows a
difference of 1 order of magnitude for the two models.
6.3.1.4 Models used in the investigation
The kinetic models, briefly outlined in the foregoing section, allow us to de-
scribe the excitation and ionization processes of the atomic species. In the
present section we present the CR models derived using the kinetic model
described. We define:
abba model: which is the baseline model and has been thoroughly de-
scribed in Section 6.2.
abba tcnq: which uses different energy exchange source terms among
internal energy modes, respect to the abba model. In particular prefer-
ential dissociation model, discussed by Gnoffo in Ref. [69], was adopted.
In such model the vibrational energy removed by dissociation is not the
average vibrational energy but the 30% of the dissociation energy. The dif-
fusion model of Park [138] was used for the modeling of the VT relaxation
and the electronic energy reactive source term ΩI was modeled as described
in Ref. [93]. The set of kinetic data is unchanged respect to the abba model.
Modified abba: which uses an updated set of rate constants for the exci-
tation and ionization of atoms by electron impact. In particular, the model
of Frost et al. [62] is used for the excitation of the ground state and the two
metastable states to the upper states. For the missing reaction we adopt
Gryzinski’s cross sections [77]. Ionization by electron impact is modeled as
described in Ref. [93]
Moreover in order to assess the influences of the each set of reaction,
we define the following model abba Frost and abba Gryzinski. In order
to clarify the differences among the different tools of the investigation we
summarize in Tab. 6.3 all the features of the kinetic models.
6.3.2 Radiative properties prediction
The radiative signature of the plasma is determined on the basis of the
advanced tool developed at the em2c laboratory and presented in various
contributions (see [41, 42, 52, 101, 156, 161]). The code allows for calcula-
tion high resolution emission and absorption spectra due to bound-bound,
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Table 6.3: Kinetic models used in the investigation.
Excitation Ionization (Drawin)
Model Drawin Gryzinski Frost Ref. [131] Ref. [93]
abba × ×
abba tcnq × ×
abba Frost × ×
abba Gryzinski × × ×
Modified abba × × ×
bound-free and free-free transitions over a wide spectral range from the VUV
to the far infrared. Furthermore it relies on an accurate spectroscopic data
base, described in Refs. [41, 42] for O2-N2 mixtures, combined with suitable
emission and absorption expressions, presented in Ref. [101] in the frame of
a two temperature description of the thermodynamic state of the plasma.
For all the radiative mechanisms, except for N and O bound-bound tran-
sitions, the radiative properties are calculated using expressions provided
by Ref. [101]. According to the state-by-state description considered here
for N and O energy level distributions, modification were introduced, for
the calculation of radiative properties due to the bound-bound transitions.
Similar improvements should also include the photo-ionization4, but are not
required in the present contribution, since we restrict our analysis to N and
O bound-bound transitions.
The emission and absorption coefficients, for the transitions from an upper
level i to a lower level j of the atomic species, are obtained using the following
expressions:
ησ = ni
Aij
4pi
hcσijf(σ − σij) (6.26)
κσ = (njBji − niBij)hσijf(σ − σij) (6.27)
where ni (respectively nj) is the population of the upper (respectively lower)
level; Aij , Bij and Bji are the Einstein coefficients respectively for sponta-
neous emission, induced emission and absorption processes; σij is the tran-
sition wave number and f(σ − σij) is the spectral line profile shape which
accounts for collisional and Doppler broadening; h and c are the Planck con-
4Detailed absorption cross-sections are available in the topbase databases [172].
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stant and the light velocity. Wave number and Einstein coefficient values are
taken from the nist [117] databases. The collisional line width, including
van der Waals, resonance and Stark broadening was estimated in the frame
of the semi-classical adiabatic approximation (see [156]).
Furthermore in some cases, the CR model provides number densities for
grouped electronic levels. Hence the required population ni for individual
levels i, which belong to the grouped level k, is calculated assuming Boltz-
mann equilibrium at TV according to:
ni = nk
gk
gi
exp
(
−k − i
kBTV
)
, (6.28)
where the population nk is provided by the CR calculations. The energy k
of the group (respectively the degeneracy gk) is related to the corresponding
individual energy levels i (respectively degeneracy’s gi) through k =
P
i gii
gk
(respectively gk =
∑
i gi).
For the other levels which are not considered in the abba model (energy
levels above 14.31962 eV for N and above 13.48156 eV for O), we assumed
that they are in Saha-Boltzmann equilibrium with the free electrons, thus
the population ni of the energy level i is determined according to :
ni =
gin
+
Ane
2Q+A
(
h2
2pimekBTV
) 3
2
exp
(
(I − i)
kBTV
)
(6.29)
where ne and n+A designate respectively the concentration of the electrons
and the ion corresponding to the atomic species A (which is O or N). Q+A(TV )
is the partition function of the ion corresponding to the atomic species A; gi
is the degeneracy of level i; I is the ionization energy corrected to account
for the Debye ionization lowering and me is the mass of the electron.
6.3.3 Results
The investigation of the reliability of the physico-chemical models considered
in this study is carried out by comparing the predicted post-shock radiation
to the measured post shock radiation for relevant test conditions. To this
end the recent experiments carried out on the NASA Ames east facility,
are used. The east facility is a 10.16 cm diameter shock tube with an
electric arc-heated driver. The arc in the driver is supported by a capacitor
bank which can store up to 1.24 MJ of energy heated at 40kV (see Refs.
[162, 163]).
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The east experiments were committed to measurement of the (absolute)
intensity profile behind an air moving shock. The pressure of the driver
gas (He/Ar mixtures) was maintained at 0.1 and 0.3 torr, and the velocity
was targeted to 10 km/s and measured with an uncertainty of 1.5%. The
intensity emitted, in the direction normal to the shock speed, was recorded
using optical benches including two 0.3 m imaging spectrographs coupled at
the exit focal plane, along with various intensified cameras for measurements
in UV, visible and infrared spectral ranges. The spectral resolutions of the
cameras ranged from 0.08 to 2 nm and with exposure time ranging from
0.015 to 0.98 µs. The detailed description of the measurement campaign,
including the test matrix and the instrumentation, is documented in Ref.
[66], and the calibration procedures and sample error analysis are reported
in Ref. [16, 76].
The east measurement campaign was very fruitful, and the recorded spa-
tially and spectrally resolved spectra are still under post-processing; there-
fore only few data are published. The experimental data considered in this
study are taken from the literature in a crude manner. We used the intensity
profiles measured in the spectral range 700-1020 nm and available in Ref.
[92] for the test cases documented in Table 6.4. The experimental analysis
revealed that the radiation is mainly due to N and O bound-bound transi-
tions. The measurements are presented in terms of spatial absolute intensity
profiles Iexp∆λ (x) spectrally integrated over a suitable wavelength range ∆λ to
emphasize the contribution to the emission of well defined electronic levels.
The spectral ranges and the corresponding upper levels are detailed in Fig-
ure 6.22. For the high pressure cases (0.3 torr), the radiation was found to
rapidly reach equilibrium. For the low pressure cases (0.1 torr), the distri-
bution of the observed N and O emitting energy levels was found to depart
from the Boltzmann. The measured radiation contains useful information
concerning the population of some excited N and O atomic levels, allow-
ing us to assess the reliability of the considered kinetic model (see Section
6.3.1) for the prediction of the non-equilibrium post-shock excitation. The
temperature and population profiles, predicted on the basis of the models
described in Section 6.3.1, are presented below. Then, comparisons among
the radiative predictions and measurements are presented and discussed to
suggest some possible improvements for kinetic reactions involving N and O
atoms.
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Figure 6.22: High resolution emission coefficient predicted for Case 1 at 4
cm downstream from the shock. The considered spectral ranges ∆λ are de-
tailed. The corresponding main contributing electronic levels are indicated
using the nomenclature of Ref. [131, 134].
Table 6.4: Operating conditions for the east shock-tube experiments con-
sidered here (see Ref. [92])
Case Shock speed vs (km/s) p (torr) acquisition time τacq
1 10.340 0.3 0.075
2 9.880 0.3 0.98
3 9.165 0.1 0.5
4 9.989 0.1 0.98
6.3.3.1 Thermo-chemical state and radiative signature predictions
The aim of the present section is to describe the physico-chemical state of
the plasma flow in the post shock region for the test conditions correspond-
ing to Case 3 and 4. In the first part of the section, temperature profiles
and composition are presented and discussed, whereas the remaining part
is devoted to the study of the evolution of the population of excited states
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Figure 6.23: Case 3-4. Temperature profiles [K]. Dashed line profiles cor-
respond to flight conditions of case 3. Unbroken lines refer to case 4.
and the influence of the excitation model on the results.
Figure (6.23) shows the evolution of the temperature profiles in the post
shock region. Across the shock the internal energy modes are assumed to be
frozen as well as the chemistry, whereas we use Rankine-Hugoniot’s jump
relations to estimate post shock pressure, velocity and translational temper-
ature.
We remind the reader that TV describes the vibrational and electronic tem-
perature of the molecules and the energy stored in the translational mode
of the free electrons. The internal energy stored in the energy modes of the
atoms is computed by means of the CR models, which gives directly the
populations of the excited states.
In Figure 6.24, we examine the evolution of the different species concentra-
tions. Right after the shock molecular oxygen quickly dissociates, whereas
the dissociation of the nitrogen is slower. At higher shock velocities, how-
ever dissociation tends to proceed faster than ionization so that the rate
equations for ionization may be decoupled from the dissociation reactions
assuming that dissociation is complete.
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Figure 6.24: Case 3. Evolution of the composition in the post shock area.
Since the concentration of N+ and free electrons are very close in the dia-
gram we can assume that most of the electrons are created by ionization of
the atomic nitrogen.
Figure (6.25) shows the evolution of the electronic states of atomic ni-
trogen and oxygen. As we shall see in the next sections, those states are
responsible for the bound to bound radiation emitted in the spectral range
from 700 nm to 880 nm (Case 1-3). Thus, since the foregoing spectral
range is believed to be almost completely thin [92], for the flight conditions
corresponding to Case 3, we have the possibility to directly access to the
population density of the emitting states (with emission measurements) and
validate the accuracy of the CR model.
Excitation by electron impact is the main channel of excitation of atoms,
hence the electron density has a crucial importance in the evolution of the
electronically excited states. Electron impact excitation reactions are fast
and the populations of excited electronic states rapidly increase. The upper
states are then depleted, by ionization and spontaneous emission, explain-
ing the maximum found in the population profiles. The maximum in the
population corresponds to a maximum in the radiation, which exhibits the
same peak in the nonequilibrium zone after the shock.
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The population profiles for the atomic oxygen (O(6)) and (N(10)) are de-
picted in Figure (6.26). As expected, the use of the Frost’s rate constants
does not affect the population profile of O(6), since the set of reaction rates
proposed by Frost concern the excitation from ground and metastable states
to the excited states of nitrogen atoms.
The Gryzinski cross sections instead promote the excitation of O(6) enhanc-
ing the overshoot in the population density profile. Also, electron impact
ionization reactions do not seem to significantly affect the evolution of the
profile in the overshoot region.
6.3.3.2 Comparisons with experiments and analysis
In order to compare our results with the experimental data (Iexp∆λ (x) taken
from [92]), the intensity profiles were predicted using the radiative transfer
equation, resulting from a constant property line of sight. Assuming that
the radiation coming from the wall at the opposite side of the window is
negligible (in ∆λ), the intensity profile Iλ(x) for a given location x may be
written as :
Iλ(x) =
ηλ(x)
κλ(x)
(1− e−κλ(x)D) (6.30)
where the shock diameter D is assumed to be equal to the shock-tube test
section diameter 10.16 cm; ηλ(x) and κλ(x) are the emission and absorption
coefficients at the location x. The intensity Iλ(x) was then spectrally inte-
grated over well defined narrow wave length ranges ∆λ detailed in Figure
6.22. Moreover in order to account for the spatial smearing, due to the finite
acquisition time, intensity profiles were convoluted with a normalized gate
function, as follow:
Isim∆λ (x) =
1
∆x
∫ x+∆x
x
(∫
∆λ
Iλ(x′) dλ
)
dx′, (6.31)
where ∆x is equal to the shock velocity vs multiplied by acquisition time
τacq. Isim∆λ (x) indicates the integrated intensity used for the comparison
against the experiments.
Remark: Since the radiative code and shocking are used in a decoupled
manner, we have the possibility to neglect the adsorption of the gas in the
radiation code, while the shock solver assumes an optically thick medium.
This is done in order to extract information concerning the amount of radi-
ation which is self-adsorbed and it constitute an a posteriori validation of
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the assumption made in the flow solver. The case described is indicated in
the plot with the label optically thin, and it refers to α 6= 0 cases. In the
following, when considering the medium as optically thick (α 6= 0), we shall
report in the graphs the corresponding optically thin case.
The overall comparisons, for the four cases investigated, are gathered in
Figures (6.27-6.28) and (6.29-6.30) to outline some peculiarities of the pre-
dictions. The high pressure cases 1 and 2 are characterized by a fast and
abrupt rise of the intensity profile, corresponding to the excitation phase of
the post shock flow. Also, we observe that at higher velocity, the equilibrium
plateau is reached earlier. For the low pressure Case 3 (see Figure (6.30)),
the intensity presents a pronounced peaked shape profile, located at about
0.7 cm, followed by a slightly decreasing plateau, indicating that the flow
may be still relaxing at 4 cm for the shock. For the low pressure Case 4, the
intensity profile, shown in Figure (6.28) slowly increases, suggesting that,
similarly to Case 3, the equilibrium may not yet be reached at 4 cm, possibly
due to the reduced collision frequency. The intensity profile presents also a
little burst, not present in the simulation and situated at about the same
location as the peak observed for Case 3.
The measured intensity profiles for Cases 2 and 4 are compared to the pre-
dicted profiles using the abba baseline model. The optical thickness of the
plasma is varied assuming: (α = 1) optically thin medium; (α = X) par-
tially optically thick medium, i.e the radiated energy is fully absorbed in the
VUV; (α = 0) optically thick medium. For α = 1, the population of elec-
tronic levels is ruled by collisional processes and by radiative de-excitation
processes, since the radiated energy is not absorbed and completely escapes
the plasma. This leads to the decrease in the population of the emitting
levels, owing to the radiative cooling phenomena, starting at a distance of
about 1 and 2 cm, for cases 2 and 4 respectively. Different is the behavior of
the calculations for α 6= 0, for which the contribution of the radiative cooling
is absent (α = 0) or strongly reduced (α = X). The importance of radia-
tive process within the VUV spectral range is revealed by the agreement
between the α = 0 and α = X calculations. The considerably flat shape
of the measured profiles far behind the shock is attributed to the negligible
radiative energy escaping.
Comparisons with optically thin calculations show that Case 1 and 2 are
optically thick, since the intensity profiles are significantly altered, when
absorption is accounted for in the radiation code. On the contrary, Cases
3 and 4 can be reasonably considered as thin, except for the spectral range
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760-800 nm corresponding to the well known oxygen triplet transitions (as it
will be shown below), and in a less extent for the spectral range 931-952 nm.
The influence of the kinetic models is shown in Figure 6.29 for the Case 1
and in Figure6.30 for the Case 3, where the calculations, obtained for α = 0,
are compared with the measurements. For the high pressure Case 1, a slight
influence to the model, in the non equilibrium region of the flow is observed,
confirmed by the reduced departures among the Boltzmann and CR cal-
culations. More pronounced is the sensitivity to the kinetic models in the
peak region for the low pressure Case 3, as opposed to the plateau region,
where the flow approaches the equilibrium conditions. Also, the peak region
is characterized by a strong discrepancies among the measurements and CR
predictions, which predict a reduced radiative overshoot and the Boltzmann
results that strongly overestimate the peak. The CR calculations obtained
using different models, disagree almost by 50% in the peak region and agree
in the plateau. The comparison with the experiments suggest that the Mod-
ified abba, based on updated kinetic models for ionization and excitation
processes, can be considered as an improvement. The influence of the model
abba tcnq used for the thermal relaxation (see Section 6.3.1) is also pre-
sented in Figures 6.29-6.30 and was found to be rather weak for all the cases
if compared to the effect of the kinetic models. The overall comparisons
show a satisfactory agreement except for Case 3, although the discrepancies
with the measurements remain acceptable (less than 50 % for the Modified
abba calculations). For Case 2, the measurements remain, over the entire
spatial range, between the intensity profiles obtained for velocities vs−1.5%
and vs + 1.5% (corresponding to the experimental uncertainties on the ve-
locity). The measured profile for Case 1 is bounded by the vs±1.5% profiles
only in the plateau region, whereas some discrepancies are observed in the
excitation stage. The calculated intensity profiles for Case 4 are slightly
under-predicted, although the profile calculated with vs+1.5% shows a rea-
sonable agreement with the measurements. The intensity burst at about 0.7
cm is not reproduced and it is believed to be an experimental artefact.
The possible reasons for the observed disagreement may have various
sources. The influence of the uncertainty of ±1.5% on the velocity mea-
surements has a significant effect as it was shown. The uncertainties on the
Einstein coefficients (which remain lower than 10 % for the most important
transitions) and on the Stark broadening width (which acts mainly on the
pronounced optically thick cases 1 and 2) are not sufficient to explain the
disagreement obtained for the low pressure cases. On the contrary the ki-
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Figure 6.27: Case 2. Shock speed 9880 m/s: comparison among experi-
mental and simulated radiative intensity profiles.
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Figure 6.29: Case 1. Shock speed 9165 m/s: comparison among experi-
mental and simulated radiative intensity profiles.
netic models have revealed an important influence on the predictions for the
non equilibrium regions.
The impact of the different kinetics models considered (see Section 6.3.1),
on the population density of the excited levels is detailed in Figures (6.31-
6.32-6.33) for Cases 3 and 4. The intensity profiles predicted in two narrow
spectral ranges corresponding to the N(10) and O(6) levels for Case 3 and
N(31), O(10) for Case 4 and are also compared to the experiments. The
calculations were performed by combining the abba baseline model with
the various updated kinetic models for the ionization and excitation combi-
nations presented in Table 6.4.
6.3.3.3 Influence of the kinetic model on the results
The impact of the kinetics of elementary processes on the radiative source
strength is addressed in the present section, comparing the results obtained
with the abba kinetic mechanism against the improved Modified abba
model. The importance of the each single set of rate constant, introduced
into the baseline abba model, are analyzed in order to assess their influence
on the results. Also, the comparison with the experiments are carried out
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Figure 6.30: Case 3. Shock speed 9989 m/s: comparison among experi-
mental and simulated radiative intensity profiles.
over a reduced wave-length range, to allow a better understanding of the
influence of the kinetic processes on the single electronic state population.
The analysis of Case 4, in Figure (6.31), shows rather good agreement
with the experimental data. The distance required to reach the plateau
is the same for experiments and numerical simulation. The same figure
presents results obtained neglecting the self-absorption, leading to the con-
clusion that the optical thickness of the gas in this spectral range is negli-
gible. The influence of the model for this case are found negligible since all
the emission profiles are overlapped for the different kinetic mechanisms.
As far as this case is concerned our results seem to match quite well with the
prediction given in reference [92], since the departures among the simulated
curves and the measured ones are similar.
Figure (6.32)-(6.33) describe the evolution of the radiative signature pro-
duced by N(10) and O(6) respectively. We notice a different behavior for the
two atomic lines, while the nitrogen atomic line is not strongly self-adsorbed,
the O triplet line depicted in Figure (6.33) is strongly self-adsorbed. Focus-
ing our attention on Figure (6.32) we can see that the baseline abba model
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Figure 6.31: Case 4. Comparison among experimental and simulated ra-
diative intensity profiles.
underestimates the peak of radiative intensity by 83%, whereas the Mod-
ified abba underestimate the peak region by 66%. The improvement is
mainly due to the use of rate constants computed by Frost et al. [62], since
the use of the Gryzinski’s cross sections have a negligible impact on the
results. Figure (6.33) shows an excellent agreement with the experimen-
tal data for the thin case, when using Modified abba model. However
when the self-absorption is accounted for the same kind of under-prediction
obtained for the other nitrogen line can be observed. As expected Frost’s
model plays no influence on the results, since it provides rate constant for
the excitation of atomic nitrogen only. In this case however the Modified
abba model can take advantage of the cross sections due to Gryzinski that
accounts for the increase of the peak in the radiative intensity.
Globally we can conclude that the Modified abba model improves the
agreement with the experimental results performed on the east facility.
Further insight into this comparison is gained from inferring the number
densities of the radiating levels from the measured intensities as explained
in Ref. [92]. The results are plotted in Figure (6.34-6.35), where the normal-
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Figure 6.32: Spectral integrated profiles ∆λ = 700− 760: comparison
among experimental and simulated radiative intensity profiles.
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ized population, i.e. the population of the electronic levels divided by the
degeneracy of the corresponding level, is depicted as a function of the energy
expressed in eV. Figure (6.34) describes the population densities of the elec-
tronic states of atomic nitrogen at a distance of 0.65 cm from the shock front
and corresponds to the shock condition of Case 3. Figure (6.35) describes the
excitation of the atomic nitrogen for the shock conditions of Case 4 and at
a location of 1 cm from the shock front. The measurements exhibit a strong
depopulation of the excited levels, consistent with the reduced radiative sig-
nature of the gas and in good agreement with the numerical predictions.
Generally speaking the predicted population densities are underestimated
by (50%) for Case 3, whereas the agreement is quite good for Case 4.
As a concluding discussion, the strong influence of the velocity on the
radiation, for the low pressure case, is investigated below. For high speed
flight conditions, molecules quickly dissociate and radiation is mostly pro-
duced by atoms. Atomic radiation depends on the electron density as well
as the free-electron temperature (in our case TV ), which are affected by the
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nonequilibrium ionization process [146]. Hence in order to correctly describe
the radiation mechanism an accurate description of the ionization process is
required.
It is well known [146] that the number of chemical reactions involved in
the nonequilibrium ionization processes, occurring in air shock layers, in-
creases with the velocity. At low velocity, the electrons are mainly produced
by the associative ionization process, i.e. N + O → NO+ + e−, since the
direct ionization of N and O is forbidden for energy reasons. The efficiency
of this process is determined by the decrease in the ionization threshold re-
sulting from the chemical bond energy of the molecular ion [46].
At intermediate velocity (about 8-9 km/s), charge exchange is added
to the first process. Let us consider for example the following reaction,
NO+ + N → NO + N+. When the rates for charge exchange are high, a
great amount of N+ is formed, at expenses of NO+, formed by associative
ionization. NO+ reacts with N, produced by dissociation of N2. In these
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conditions, the production of N+ leads to a decrease of the role of the direct
formation of N+ by electron impact on N, and as a result an increase of the
ionization distance can be observed.
For high velocity, the density of the produced electrons becomes sufficient
to activate the electronic avalanche through the electron impact ionization
N + e− → N+ + 2e−, leading to the exponential rise of the electron den-
sity. It is interesting to note that the impact that this mechanism has on
the ionization rate is limited by the loss of the electronic thermal energy
during the electron impact ionization process [46, 138, 146]. Indeed a high
rate of ionization suppresses the electron thermal energy by this mechanism.
The evolutions of the calculated intensity profiles and electron density, in
the velocity range 9-10 km/s, are given in Figures (6.36)-(6.37) respectively,
with the Modified abba model. The two sets of profiles present similar
features: at 9 km/s they are characterized by pronounced peaked shape in
the region right after the shock followed by a plateau. Increasing the veloc-
ity, it is observed that, the plateau rises much more rapidly than the peak
removing the overshoot at about 10 km/s.
Similarities in the evolution of electron density (in Figure (6.37) and pop-
ulation of the excited levels (in Figure (6.25) is justified by the fact that
excitation is mainly ruled by the electron-impact processes, owing to the
high degree of ionization (excited states are in equilibrium with the free
electrons).
This transition from a peaked to a monotonic electron density profile is
due to the competition between various processes contributing excitation
de-activation of the excited states, mainly occurring because of the inelastic
collisions with the free electrons.
The contribution to the net rate of electron production are detailed in
Figure (6.36) and Figure (6.37) for 9 km/s and 10 km/s respectively. At 9
km/s, the net rate becomes negative leading consequently to the observed
drop of the electron density at about 1 cm, whereas at 10 km/s ω˙e it remains
positive. For the two cases, the negative value for the associative ionization
net rate is due to the importance of the backward reaction, induced by a
sufficient chemical depletion of the atomic neutral species N and O.
Increasing the velocity, we observe that this behavior is reduced, and from
9 km/s and 10 km/s the contribution due to the electron-impact ionization
increases 5 times whereas the associative ionization contribution is decreased
by only 2 times. As a consequence at a certain velocity threshold, where the
electron loss by the reverse associative ionization is always compensated the
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Figure 6.36: Radiative intensity as a function of the shock speed (Ranging
from 9−10 km/s). Influence of the speed on the radiative intensity profiles.
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Figure 6.38: Electron production terms 9 km/s. Unbroken lines refer
to the abba model, whereas dashed lines refer to Modified abba Model.
.Influence of the shock speed on the electron production term [mole /sm−3].
Where (a) indicates the contribution given by N for abba.(b) indicates the
contribution of O for abba. (c) Refers to N for Modified abba. (d) Refers
to O for Modified abba. (e) Refers to N for abba Gryzinski (f) Refers to
N for abba Frost.
total net rate remains positive after the shock.
Figures (6.38-6.39) show the influence of the kinetic model on the electron
impact ionization process. As shown in the figures the major influence is
played by Frost kinetic rates, which affects the production of the electrons
due to electron impact ionization (by a factor 4). As a result the electron
density is also affected (see Figure 6.25) as well as the radiative intensity
profiles.
Conclusions
In this work, we have studied the relaxation of the atomic electronic en-
ergy population distributions for one dimensional air flows obtained in a
shock-tube. The operating conditions correspond to four test cases taken
from the test campaign carried out at NASA Ames. The results have been
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Figure 6.39: Electron production terms 10 km/s. Unbroken lines refer
to the abba model, whereas dashed lines refer to Modified abba Model.
Influence of the shock speed on the electron production term [mole /sm−3].
Where (a) indicates the contribution given by N for abba.(b) indicates the
contribution of O for abba. (c) Refers to N for Modified abba. (d) Refers
to O for Modified abba. (e) Refers to N for abba Gryzinski (f) Refers to
N for abba Frost.
obtained by means of a multi-temperature fluid model fully coupled with an
electronic-specific collisional radiative model. We have compared the radia-
tive intensity profiles with the experimental data of Ref. [92]. We found good
agreement for the low pressure run indicated as Case 4 in the manuscript
where the flow is in strong nonequilibrium and for the high pressure runs
(Case 2 and 3) where the post-shock population density of the excited states
follows a Boltzmann distribution.
Differences were found in the results of the comparison for Case 3 where
the radiative overshoot is under-predicted by the baseline model tested
(abba). An alternative set of reaction constants have been proposed for
the excitation and ionization of atomic species by electron impact. In par-
ticular, the use of the kinetic data compiled by Frost et al. [62] seems to
reduce the discrepancies with the experimental data.
162 Chapter 6. Collisional Radiative models: atoms
Owing to the strong influence of the ionizational nonequilibrium on the
radiative properties of the shock layer, we proposed a detailed investigation
of the free electron production as a result of three kinetic processes: as-
sociative ionization, charge exchange and electron impact ionization. The
relative importance of the associative ionization and the electron impact ion-
ization justifies the presence of a maximum in the electron density, which
is strongly correlated to the nonequilibrium radiative overshoot described.
Also, the influence of the speed on the radiative signature of the gas as well
as the free electron production is discussed.
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Chapter 7
Collisional radiative model: atoms and
molecules
Last chapters describe a simplified version of the abba model which allows
us to account for nonequilibrium effects in the population of the electronic
levels of the atomic species present in air mixture. The present chapter
addresses the modeling of the post shock relaxation of atomic and molec-
ular species by means of an electronically specific collisional radiative model.
In the first part of the chapter we discuss the abba model for the elec-
tronic levels of atoms and molecules. Details concerning mixture, the kinetic
and radiative processes involving molecules and the other particles in the
flow are discussed in Section 7.1. The modifications to the set of equations
to be solved are discussed in Section 7.1.1, together with the additional en-
ergy exchange source terms. The second part of the chapter is devoted to
the analysis of the behavior of the electronic states of the molecules behind
a normal shock. The test conditions are taken from the first point in the
trajectory of the fire ii flight experiment analyzed in Section 6.2.4. A com-
parison between the abba model employed throughout the present analysis
and the recently developed Park’s model is carried out in Section 7.3.
7.1 Collisional Radiative model: molecules
The population of the electronic levels of the molecules as well as the one
of the atoms, may strongly depart from the Boltzmann distribution in the
relaxation zone behind a shock. Hence in the course of the present analysis,
in analogy with what was done for the atoms, no assumptions are made
concerning the electronic distribution functions of molecular species.
Mostly, we restrict ourselves to the analysis of the electronic states below
the dissociation limit (of the fundamental states of the molecules), for two
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main reasons: firstly the high-lying states are scarcely populated; secondly,
and more important, the states above the dissociation limit are likely to be
in equilibrium with the associated free states, owing to the large number of
states (repulsive and non-repulsive) crossing them [140].
In this study, air is considered as a mixture of N2, O2, and their products
only. Electronic levels of the atoms are assumed in nonequilibrium as in
the previous chapter (§6). Moreover in order to investigate the departures
from the equilibrium of the excited states of the molecules, each of their
levels is considered as an additional species whose composition is governed
by finite rate chemistry. The complete list of species and pseudo-species of
the mixture accounts for:
• Neutral species: N2(1 − 4), O2(1 − 5), NO(1 − 5), N(1− 46), and
O(1− 40),
• Charged species: N+2 (1− 4), O+2 (1− 4), NO+(1− 5), N+, O+, and e−.
Forty-six levels for N and 40 levels for O are taken into account as well as a
total number of 27 levels for the diatomic species. Coupling of these levels
through the different elementary processes (see Sections 6.1.2 and 7.1.0.4)
allows the explicit determination of the plasma excitation and its radiative
signature without any equilibrium assumption. A list of the electronic levels
for molecules and molecular ions is given in Table (7.1). The overall number
of species reads 116.
Table 7.1: Species Considered in the present cr model.
Type Species State
N2 X1Σ+g , A
3Σ+u , B
3Πg, C3Πu
Molecules O2 X3Σ−g , a
1∆g, b1Σ+g , A
3Σ+u ,B
3Σ−u
NO X2Π, A2Σ+, B2Π, C2Π, B′3∆
N+2 X
2Σ+g , A
2Πu, B2Σ+u , C
2Σ+u
Molecular O+2 X
2Πg, a4Πu, A2Πu,b4Σ−g
ions NO+ X1Σ+, a3Σ+, b3Π, b′3Σ−,A1Π
7.1.0.4 Elementary processes: Molecules
The present section addresses the modeling of the kinetic elementary pro-
cesses due to interaction with electrons and heavy particles, briefly intro-
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duced in Section 6.1.2.
As we could appreciate already when discussing the thermodynamic prop-
erties of the diatoms, the molecules have a more complicated internal struc-
ture than the atoms and, besides electronic levels, they exhibit a ro-vibrational
structure that further complicates the modeling of thermodynamics, kinetic
and radiative properties.
If we analyze the electron induced processes as they occur among the
atoms, we realize that the cross sections of the elementary process depends
only on the threshold energy (given by the difference among the two elec-
tronic states) and the kinetic energy of the free electron. Thus, for atoms
(Section 6.1.2) although the cross section may depend on the possibility of
an optical transition among the two excited state, the threshold is well de-
termined and the reaction rates can be easily obtained, if the electron energy
distribution is known (it is assumed Maxwellian in this work).
Although the same conclusions hold for excitation/ionization processes
among the rovibronic states of the molecular species, i.e. for transitions from
the rovibronic state E(i)(e1, v1, J1) to the rovibronic state E(j)(e2, v2, J2),
when averaging over the rovibrational levels, the resulting rate depends on
the rotational and vibrational temperature.
In other words, in order to use our electronically specific cr model, we
need to define rate constants applicable to transitions from molecules char-
acterized by electronic energy Ee(e1) and generic ro-vibrational energies to
molecules having electronic energy Ee(e2) and whatever rotational and vi-
brational energy. In this case the threshold energy is not precisely known
and it is function of the rovibrational excitation of the molecule in the lower
state, thus depending on the rotational and translational temperature [3].
The rate coefficients for excitation, ionization and dissociation of molec-
ular species by electron impact recently calculated by Teulet [170] are used
in the present work. Teulet estimated the inelastic rate constants using
the method developed by Bacri and Medani (weighted total cross section,
wtcs) in Ref. [3–5]. Some modifications were introduced to account for the
pre-dissociation of some electronic states of O2 and NO in the estimation of
the dissociation rate coefficients, as suggested by Sarrette [159].
Following the wtcs method, the final expression of the global cross sec-
tion, for excitation/ionization, from the electronic state Ee1 to the electronic
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state Ee2, can be written as
σe2e1 = Q
−1
INT
V
(e1)
Max∑
v1
exp
(
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(7.1)
where δ is the Kronecker symbol and it was introduced in the calculations to
respect the selection rules, that limit the transitions among the rotational
levels. Indeed given the weak mass of the electrons, the changes in the
rotational quantum number is assumed to be limited to ±2 [140]. The sym-
bol Pv1(r) accounts for the radial probability and it is estimated using the
harmonic oscillator model. The rovibronic elementary cross section is indi-
cated σe2,v2,J2e1,v1,J1 and is estimated using the approximate formulas of Drawin,
described in Section 6.1.2.1. The symbol QINT is the ”partial” internal
partition function and can be written as
QINT =
v
e1
Max∑
v1
exp
(
−v(e1, v1)
kBTe
) Je1,v1Max∑
J1
(2J1 + 1) exp
(
−J(e1, v1, J1)
kBTT
)
(7.2)
The method is very similar to the one developed by Park in Ref. [143]. The
main difference is the treatment of the radial dependence of the elementary
cross section: while Teulet calculated it for each rotational transition and
Park uses the Franck Condon factors [140].
The equation 7.1 is written assuming thermal equilibrium among vibra-
tion and free-electron energy and among translational temperature (heavy
particles) and rotation. However, noticing a weak dependence of the rate
constants on the rotational temperature, the final set of rates for excita-
tion/ionization by electron impact was assumed to depend only on the free
electron temperature, i.e. T in the equation 7.1 was replaced by Te.
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Sensitivity analysis: N2 excitation
The rates estimated by Teulet with the wtcs are compared with other ki-
netic data available in literature. Huo’s calculations [88] relies on the same
hypotheses made by Park: firstly the Frank-Condon factors were used to
account for the radial dependence of the cross section; secondly the elec-
tronic transitions are subject to a weak change in the rotational quantum
number. The main difference comes from the use of quantum mechanics
for the estimation of the cross-sections σe2,v2,J2e1,v1,J1 . Figure 7.1, shows that, for
N2 excitation from the X to the C state, Teulet’s predictions underestimate
the rates given by Huo by one order of magnitude, which is a reasonable
agreement. Furthermore, Teulet’s predictions are between Huo’s and Lo-
sev’s rates for this transition as well as for the transition from the ground
to the B state N2(X→ B) (not shown in figure).
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Figure 7.1: N2. Rate constant for excitation from X to C comparison:
(◦) Huo [88]; (dashed curve) Teulet’s results; (unbroken line) Losev rate
and (dash-dotted line) Bacri [5]. Such transition is not included in Park
model [140].
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Sensitivity analysis: N+2 excitation
Figure 7.2 shows the rate constants for the excitation of the ground state
of N+2 to the (B) state. The radiative transition from this state to the
ground state gives origin to the N+2 first negative system, which is a major
contributor to the molecular component of the radiative heat-flux for high
speed earth entries. Hence knowing that the B state is mainly populated
by collisional processes X → B (ref. [93]), the accurate estimation of such
transition becomes very important.
However, large differences among the predictions from different sources,
are shown in Figure 7.2: Park’s model [140] yields the larger rate for this
transition, overestimating Teulet’s prediction by a factor 10. Gorelov [73]
rates are many order of magnitude lower, as opposed to the model used by
Johnston which is in the middle among all these predictions.
6000 8000 10000 12000 14000
Temperature [K]
10-14
10-13
10-12
10-11
10-10
10-9
10-8
10-7
k e
 
[ c m
3 / s
]
Gorolev
Johnston
Teulet
Park
Figure 7.2: N+2 . Rate constant for excitation from X to B comparison:
Park’s model [140] (◦); Teulet’s results (unbroken line); (dashed-dotted)
curve Johnston and the dashed line Gorelov.
The large uncertainty on the rate constants suggests the need for more ac-
curate data, based on experiments or more accurate quantum calculations.
In the following analysis, a sensitivity study of the influence of the results
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of the model chosen for this transition is performed. As we shall see the use
of Teulet’s rate constant as opposed to the one used by Gorelov (in [73])
leads to a difference of one order of magnitude on the population of the B
state of N+2 , putting forward the importance of such transition.
The cross section for excitation of molecules under molecular or atomic
impact behaves approximately as Lotz[110] therefore this form has been
adopted, except in the case when experimental data exist. We have then
chosen the rate coefficients compiled by Capitelli[35] and Kossyi[98]. Due to
the pressure levels involved in our cr model (which can be employed at high
pressure), we have also taken into account the previous processes occurring
when a third particle interacts.
Furthermore the kinetic mechanism comprises:
• Dissociation of N2, O2, and NO by atomic or molecular impact /
recombination,
• Dissociation of N2 by electron impact / recombination,
• Associative ionization / dissociative recombination,
• Radical reactions (including Zel’dovitch reactions),
• Charge exchange.
The model selected for such reactions have been already discussed in Sec-
tion 6.2.2.1, when describing the simplified abba model. The only difference
is the treatment of the dissociation and in particular the effects that vibra-
tion has on the dissociation rate. Indeed while the foregoing model was
completely based on the Park’s TTV model, in the present analysis, we in-
vestigate the sensitivity of the model used to couple chemistry and vibration.
We use three different mathematical formulations to correctly describe the
influence of the vibration on the dissociation of the molecular species and at
the same time account for the influence of the chemistry on the vibrational
energy:
• Park T − TV model [138] is the most widely spread and used in the
aerospace community due mainly to it simplicity. The geometrical
average (
√
TTV ) is used to express the dependence of the rate constant
on the vibration, using the modified Arrhenius law. The nature of the
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model is purely heuristic and based on the analysis of experimental
data coming from the study of the post-shock radiative signature in
shock tube facilities. For this model we do not use any preferential
dissociation model.
• Macheret-Fridman model [111] is based on the corrected forced har-
monic oscillator (FHO) approach. The FHO model was successfully
applied and culminated in an analytical (or semi-analytical) theory
[1, 46, 112]. Such a model with no adjustable parameters produced
thermal (equilibrium) dissociation rates in fair agreement with exper-
imental data.
• Treanor-Marrone model [116] is based on simple physical concepts
firstly introduced by Hammerling [81]. The innovation of the model
lies in the introduction of an ad-hoc parameter to change the value of
the probability of dissociation among the different energy levels. This
results in an increasing dissociation probability with the vibrational
level number.
The foregoing models were extensively discussed in Chapter 4.
7.1.0.5 Radiative processes
Atomic coefficients for the atomic line radiation were taken from the nist
database Ref. [117] and are given in appendix in Table A.2. In total, we take
into account 45 spontaneous emission lines for N and 24 lines for O to which
we add the radiative and dielectronic recombination processes, neglected in
the foregoing analysis, and now accounted for. The rate constants for such
processes have been taken by Bourdon et al in Ref. [22, 23]. All the details
are given in section 6.1.2.4.
As far as the molecules are concerned, some states of species mentioned
in Table 7.1 radiate strongly. The β (B2Π → X2Π) and γ (A2Σ+ → X2Π)
systems of NO as well as the first positive (B3Πg → A3Σ+u )) and the sec-
ond positive (C3Πu → B3Πg)) systems of N2 and the first negative system
(B3Σ+u → X2Σ+g )) of N+2 have been considered. Since vibrational equilib-
rium is assumed for these species the equivalent transition probability for
the latter systems is calculated fitting the data calculated by Laux and
Kruger[105].
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7.1.1 Shock-Tube flow solver
The set of equations in shocking code was modified to account for the
non-Boltzmann treatment of the electronic levels of the molecules 6.15.
Firstly, a new set of species conservation equations was added to model
the evolution of the excited states of the molecules, governed by their own
kinetics. Hence the resulting set of equations to be solved accounts for 116
continuity equations, as opposed to 95 continuity equations for the atomic
cr model.
Secondly the separate equation for the free-electron energy (see Section
6.15) was dropped. Hence the relaxation of the electronic energy of the
atomic ions N+ and O+ (assumed to be governed by Boltzmann distribu-
tion) and the free electron energy are assumed to be in thermal equilibrium
with TvN2 (see equation 6.22).
Remark. In principle, the use of a separate equation for the free-electron
energy is not consistent with the model used to derive macroscopic cross-
sections governing the inelastic processes involving electrons. In fact the
derivation of those rates was based on the assumption of thermal equilib-
rium between vibration and free-electron energy. Therefore we substitute
the vibrational energy conservation equation of N2, used in the system of
equation (6.15) with equation Section 6.22.
7.1.1.1 Energy relaxation terms: radiative mechanisms
The energy exchange terms have been extensively discussed in the first part
of the manuscript. However the introduction of radiative and dielectronic
recombination requires to account for energy loss in the free electron energy
which is converted in radiation.
Radiative losses are modeled by means of the QRad term in the energy
equation. This term represents the radiant power emitted per unit volume
and is directly given by the expressions
QRadI =
∑
i,j∈N
j<i
αij (Ei − Ej)AijNi +
∑
i,j∈O
j<i
αij (Ei − Ej)AijNi (7.3)
where Aij is the Einstein coefficient, Ni, the number density of the excited
state, and α, the escape factor.
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Radiative losses due to radiative recombination and dielectronic recombi-
nation reactions are accounted for in approximate manner by the expression
QRadII =
∑
j∈N
(IN − Ej)neN+
(
αRRκRRj + α
RD
j κ
RD
j
)
+
∑
j∈O
(IO − Ej)neO+
(
αRRj κ
RR
j + α
RD
j κ
RD
j
)
(7.4)
This term is to be added to the vibrational energy conservation of N2
which accounts for free-electron energy conservation.
Following the derivation of Thivet [173], the conservative system of Eqs. (6.15)-
(6.19) is transformed into a system of ordinary differential equations easily
solved by means of the lsode [153] library.
7.2 Results
The objective of the present investigation is the characterization of the
physico-chemical properties of the weakly ionized air plasma in the shock
layer of a re-entry vehicle. The investigation is carried out studying the evo-
lution of temperature and concentration profiles of the different species in
the shock layer, focusing our attention on the behavior of the electronically
excited states of atoms and molecules. We chose to analyze the point at
1634 second in the re-entry trajectory of the fire ii flight experiment, ex-
tensively discussed in Section 6.2.4. The 1634 point (see Table 6.2), belongs
to the early part of the trajectory of the fire capsule. Under these flight
conditions the relatively low pressure (only few pascals) and the high flow
speed drive the flow out of equilibrium.
The analysis of the shock-layer in the same test conditions was conducted
in Section 6.2.4 assuming that the electronic levels of the molecules are pop-
ulated according to the Boltzmann distribution and treating the electronic
states of the atoms as pseudo-species. In this chapter, using the complete cr
model (atomic and molecular specific), we address the validity of the fore-
going assumption, investigating the behavior of the excited states of atoms
and molecules. The treatment of the electronic states of the molecules, con-
sidered as pseudo-species, allows us a more detailed description the kinetic
Chapter 7. Collisional radiative model: atoms and molecules 173
and radiative processes occurring in the plasma. The Boltzmann distribu-
tion is, in this case, a result of the detailed kinetic processes of the excited
states. Indeed the equilibrium among the excited states of the molecules
is achieved if the characteristic time of the flow is much smaller than the
characteristic time of the elementary processes.
Recently Park, in Ref. [89, 140, 141], proposed an accurate review of
literature on the kinetic mechanisms involving the electronic states of the
molecules for air plasmas. The model was compiled and included in the
Spradian code [140] and it is freely distributed on demand. It is important
to note that currently, some of the reaction rate constants are uncertain by
several orders of magnitude. Hence a comparison of our predictions with
the results obtained using Park’s model gives an idea of the sensitivity of
the electronic energy distribution function on the model used for the flow
conditions studied.
The third and last part of this contribution is devoted to an analysis of dif-
ferent physical phenomenon occurring in the gas after a strong normal shock.
We begin the investigation addressing the modeling of the dissociation and
the influence that the model used to couple vibration and dissociation has
on the temperature field and on the concentration profiles. Particular atten-
tion is devoted to the electron density evolution which governs the excitation
processes of atoms and molecules.
Also, we investigate the influence of the precursor ionization on the electronic
energy distribution function of the atoms and we compare the production
of the electrons due to this phenomena with the production of the prime
electrons due to the interaction with heavy species. The sensitivity of the
results to the optical thickness is also addressed varying the escape factors
from 0 to 1.
7.2.1 Flowfield results: comparison with atomic CR model
The analysis begins with the discussion of the temperature and composition
profiles in the post-shock relaxation area, obtained using the electronically
specific cr model coupled with the Park’s model for dissociation and the
non preferential model of Candler for the vibration-dissociation coupling.
In particular in this section we propose a comparison of the results obtained
with the abba model described in Section 6.2.4 (referred to as atomic cr
model in the following) and the model described in the present chapter (re-
ferred in the following as molecular cr model).
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Figure (7.3) shows the evolution of the temperature profiles obtained with
the molecular cr model. If we compare the profiles with the ones obtained
with the atomic cr model in Fig. 6.8, we observe some differences in terms
of relaxation of the ro-translational temperature, being the thermal relax-
ation longer in this case. Such differences are, at least in part due to the use
of Park’s correction to the Landau Teller formula applied in the molecular
cr model. Better is the agreement with the Johnston’s results, being the
vibrational relaxation slower, thermal equilibrium is reached only at 2 cm
from the shock front and the vibrational temperatures do not overshoot the
translational one. We remind the reader that the overshoot in the results
obtained with the atomic cr model is due to the absence of the preferential
dissociation model for the coupling chemistry-vibration and the use of the
Landau Teller formula without Park’s correction. Figures (7.4-7.5) compare
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Figure 7.3: Temperature profiles: cr model molecules
species evolution in the post shock area for the cr model for all the species
(7.4) and only for atoms (7.5). Strong differences are found in the relaxation
of the N+2 . The atomic specific cr model predicts a slow relaxation to the
equilibrium values as opposed to the detailed abba model which exhibits an
overshoot right after the shock. The reason of the disagreement is certainly
due to the differences in the kinetic mechanism used for the reaction rate
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constants. An accurate analysis of the experimental results [66] shows an
overshoot in the radiation from the N+2 (1−) system and suggests a presence
of an overshoot in the N+2 population consistent with the results given by
the more accurate model. A deeper investigation of the problem is required
before driving any conclusion however results from literature [93] also con-
firm the presence of an overshoot in the population of the excited states
after the shock.
The concentration of N2 is found to be slightly different in the two cases
under analysis. The reasons of such discrepancies are due to the differences
in the vibrational temperature of N2 and a different rate constant for the
electron impact dissociation. The atomic cr model uses the electron impact
dissociation rate proposed by Park which is larger than the value proposed
in the abba model. Moreover the vibrational temperature of N2 is also
lower in the latter case. The behavior of the remaining species is found to
be qualitatively similar although the delay in the relaxation can affect the
concentration of the different species.
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Figure 7.4: 1634 s case. Population profiles obtained with the cr molecules
for all species.
No significant differences have been found in the electronic population
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Figure 7.5: 1634 s case. Population profiles obtained with the cr model
for the atoms.
distributions of atomic nitrogen and oxygen.
7.2.2 Results: molecules
In this section, the evolution of the composition of the molecular species
through the shock layer is presented. Particular attention is given to N+2
and N2 since they contribute to the nonequilibrium radiative signature of
the gas under high speed re-entry conditions. The contributions from the
NO and O2 bands are limited, since at these high temperatures they are
found almost completely dissociated.
N+2 Population
The determination of the N+2 composition is important, since it is a strong
radiator in the UV part of the spectrum. Its radiative contribution, due to
the bound transitions from the N+2 (B
2Σ+u ) to the N
+
2 (X
2Σ+g ), is relevant at
speed up to 10 km/s.
Figure (7.6) shows the population profiles of the ground and excited states,
comparing them with the equilibrium values for each point of the shock
layer. All the levels of the molecule are found to be in equilibrium, con-
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firming the prediction of Ref. [93]. The population of the B2Σ+u state is
governed by the transitions to and from the ground state due to electron
impact. In this work we use the rate constant proposed by Teulet [171],
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Figure 7.6: 1634 s case.Population profiles of N+2 molecules. Dashed lines
represent the equilibrium values; unbroken lines correspond to the cr re-
sults.
which gives an high value for the kinetic rate compared with other models
available in literature (see 7.2). Thus in order to assess the influence to the
kinetic model, we decided to replace Teulet’s rates with those compiled by
Gorelov in Ref. [73]. This model was chosen owing to its underestimation of
the rate constants compared to other compilations of rates available in liter-
ature [124, 126]. This allows us to draw some bounds in the evolution of the
electronic state population of the molecular ion. A comparison of the results
obtained with the two models is shown in Figure 7.7. The predictions of
the population of the excited states differ significantly and since the results
with Teulet’s model were found in Boltzmann equilibrium, we can conclude
that the Gorelov’s model predicts strong departures from equilibrium.
The calculations presented assume that the molecular radiation is opti-
cally thin, which means that the radiative transitions have their maximum
influence on the depleting processes of the radiating levels. However, the
analysis of the results assuming an optically thick medium, does not change
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the conclusions concerning the departures of the populations from Boltz-
mann equilibrium.
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Figure 7.9 shows a comparison among the predictions done using the abba
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Figure 7.8: 1634 s case. Population profiles of N2 molecules. Dashed lines
represent the equilibrium values; unbroken lines with symbols correspond to
the cr results.
model, which rely on the reaction rates of Teulet and the model of Lo-
sev shown in Fig. 7.1. Although the use of the latter model enhances the
nonequilibrium effects in the post shock region, the differences are rather
small.
NO Population
The number densities for NO obtained with the cr model are presented
and compared with the Boltzmann results, in Figure 7.10. Large deviations
from a Boltzmann distribution are present for the excited states right after
the shock, similarly to the behavior obtained N2. The cr model predicts
a much lower number density, which implies that the radiative emission is
reduced proportionately. NO+ formed by associative ionization of N and O
atoms is found to be very close to equilibrium conditions throughout the
shock layer and it is not shown here.
The present analysis puts forward the need for a non-Boltzmann treatment
of the N2, NO molecules as opposed to the NO+, which is found to be close
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Figure 7.9: N2 population profiles. (Dashed lines) results with Teulet’s
rates; unbroken lines the cr results with Losev’s rates.
to equilibrium conditions and does not require a state specific treatment of
the electronically excited states. The predictions of the population of the
electronic states of N+2 is more complicated because of the sensitivity of the
population to the rates used to model electron impact excitation. We have
tested two sets of rates, very different from each other: the set proposed
by Teulet and the set compiled used by Gorelov. The two models proposed
exhibit rate constants which differ by at least three orders of magnitude.
Hence the analysis (even if it is not conclusive) allows us to set some limits to
the population of the B state of N+2 . Thus we can argue that the population
of this state is at most a factor ten lower than the equilibrium values.
7.2.3 Dissociation of the excited states of O2
The analysis of the population profiles of the molecular oxygen revealed a
strong overpopulation of the upper excited states. In some cases the popu-
lation of such levels exceeds the population of the fundamental state. The
reason for such behavior is the lack of a mechanism for the dissociation of
the upper state in the abba model. Hence the excited molecules are trapped
in these states and they can only be depleted by collisional and radiative
de-activation processes.
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equilibrium values; unbroken lines the cr results.
In order to investigate the sensitivity of the results to this process, we ex-
tend the validity of the dissociation rates used for the ground states to the
excited states. By doing so, we underestimate the influence of dissociation
processes of the excited states, being the potential well deeper in case of the
fundamental state. Figure (7.11) shows the influence of the dissociation on
the population of the excited states. Unbroken lines refer to the base line
model which does not account for dissociation processes, whereas broken
lines refer to the calculation performed assuming that the dissociation rate
is the same as the fundamental state. The dissociation processes drastically
reduce the population of the O2(A) and O2(B) which in the baseline calcu-
lation are more populated than the fundamental and the low excited states.
7.3 Park’s model
Hereafter we present a comparison among the abba model previously de-
scribed and the model recently developed by Park and described in Ref. [89,
140, 141]. Besides the differences in the model used for the molecular and
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Figure 7.11: 1634 s case. Population profiles of O2 molecules: (unbroken
lines) baseline cr model; (dashed lines) dissociation rates of O2(X) are used
for the excited states.
atomic elementary processes, the two cr models differ in the way they deal
with the time integration. Park’s model, as it is implemented in the Spra-
dian code, assumes that the QSS condition is reached for the excited states
and solves a nonlinear algebraic set of equations. Different is also the cou-
pling with the flow, we propose a fully coupled approach as opposed to the
Spradian code which is used in post-processing, totally decoupled from the
flowfield calculation. Influences of such assumptions on the results have been
thoroughly described in Ref. [136].
7.3.1 Atomic and molecular population distributions:
comparison against Park 2008
We now present a comparison of our results with the ones obtained with
Park’s model in terms of electronic energy distribution of atoms and molecules.
Flowfield quantities such as temperatures and composition of the different
species, obtained summing the concentrations of all the electronic states,
are extracted from the abba calculations and fed as input into the Spradian
code. The nonequilibrium capabilities of the code are used to predict the
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nonequilibrium population of the excited states of the molecules and atoms.
The calculations with the abba model are carried out under the assumption
of optically thin medium, i.e. all escape factors are assumed to be equal to
the unity. A sensitivity analysis of the results to such assumption is carried
out later on in Section 7.3.2.2.
Figure (7.12) shows the electronic level population of nitrogen atoms at
1 cm from the shock front. It is found that Boltzmann distribution, repre-
sented by the unbroken line in the figure, leads to an overestimation of the
population of the high-lying excited states up to three orders of magnitude
according to our predictions. The same type of depopulation of the excited
states is predicted by Park’s model even if the populations of the upper levels
(E > 10 eV) are about one order of magnitude larger. The populations of
the ground state (N(4S)), and the two metastable states (N(2D) and N(2P))
are found to be in Boltzmann equilibrium for the two models.
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Figure 7.12: Saha diagrams for the excited states of the atomic nitro-
gen. Park’s model (); abba model (α = 0) (◦); unbroken line: Boltzmann
equilibrium; broken line: Saha equilibrium.
The perturbation of the electronic energy distribution function is con-
firmed by an analysis of the radiative heat flux measurements performed
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during the re-entry. The values of the heat flux were found to be much
lower than the predictions [138, 144] made before flight. Such predictions
were based on the assumption of Boltzmann distribution for the populations
of excited states. When departures from Boltzmann equilibrium are ac-
counted for, excellent agreement with the experimental values is found [93].
Indeed the strong depopulation of the excited states (Figure 7.12) drastically
influences the radiative signature of the gas which is dominated by atomic
line radiation at these flight conditions.
As the vehicle approaches the lower parts of the atmosphere the pres-
sure rises and the importance of the collision processes with respect to the
radiative processes becomes larger and larger. In fact the collisional pro-
cesses scale with p2 as opposed to the radiative effects which scale with p,
then in the lower parts of the atmosphere, the distributions are found to be
Boltzmann as shown in Ref. [136].
N+2 and N2: comparison of population distributions
An accurate comparison in terms of population of excited states between
Park and abba model is shown in Figures 7.13-7.14 for the molecular species.
For N+2 the two models are in good agreement and predict equilibrium distri-
butions for the excited states. Conversely, Figure 7.13 shows discrepancies
between both models for the concentration of the excited species of the N2
molecules. Park’s model predicts a sharp overshoot of the population of the
excited levels approaching the equilibrium values, while our results show a
smoother relaxation towards the equilibrium region.
7.3.2 Detailed physico-chemical analysis
In this part, we analyze the influence of the modeling of dissociation, radia-
tion and ionization on the distribution function of atomic nitrogen. All these
effects are believed to affect the physico-chemical properties of the plasma
in the shock layer. Hence in this section we try to have a quantitative idea
(when possible) of their effective influence on the electronic excitation of the
atoms.
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Figure 7.13: Population profiles of N2 molecules comparison:(×) Park;
unbroken lines abba.
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7.3.2.1 Influence of the dissociation model on the results
The mechanism of production of free electrons is governed by the associa-
tive ionization reaction and in a lesser extent by the direct ionization of the
atomic species. Both these two processes depend on the dissociation that
creates the atomic species needed for this reactions to occur. We therefore
propose a sensitivity analysis of the results to the model used to describe
the dissociation and in particular its coupling with vibration.
Figures 7.15- 7.16 shows a direct comparison of the evolution of the tem-
peratures in the post-shock region for Macheret and Treanor model. The
behavior of the temperatures through the shock layer is very similar and
they both strongly differ from the predictions obtained by means of the
Park’s model. The main difference lies in the absence of the overshoot in
the NO and O2 vibrational temperatures. The reason of such a difference
is to be sought in the vibration-dissociation coupling, which in the Treanor
or Macheret model is based on the preferential dissociation assumption as
opposed to the baseline model, which uses a non-preferential model. Thus,
by allowing the molecules to dissociate at the higher vibrational levels, the
energy removal due to dissociation processes, exceeding the average vibra-
tional energy, tends to lower the post-shock vibrational temperatures. In
other words the ΩCV source term in the preferential dissociation models is
higher then the corresponding source term in the non-preferential dissocia-
tion model (see Chapter 4).
The differences in the evolution of the vibrational temperatures have an
impact on the composition. Both models based on the preferential dissoci-
ation predict the same evolution for the composition of the main molecular
species. As expected some differences are found when we compare these
results with the non-preferential dissociation model, which predicts a faster
dissociation of molecules, as described in figure 7.17. The effects on the
electron density are shown in Figure 7.18. A delay in the production of the
free-electrons, present when using Treanor and Macheret model, causes a
slight displacement of the peak in the electron density.
In conclusion, although the preferential dissociation models lead to a less
effective dissociation of the molecules and in general lower vibrational en-
ergies through the shock-layer, such effects are small for the analyzed flow
conditions. Hence, in the following we propose to adopt a non-preferential
dissociation model.
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Figure 7.15: Temperature profiles obtained with Macheret’s model.
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Figure 7.16: Temperature profiles obtained with Treanor’s model. The U
parameter was set to (TD/3).
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Figure 7.17: 1634 s case. Comparison of population profiles obtained
with: Treanor model (dashed lines); Macheret’s model (unbroken lines);
and Park’s model (dot-dashed lines).
7.3.2.2 Influence of the optical thickness and the ionization precursor
on the results
So far, the gas has been considered optically thin, which means that all the
radiation emanated in the shock layer was supposed to leave the computa-
tional domain, without interacting with the atoms and molecules present
in the gas. We now try to assess the influence of the optical thickness of
the medium on the population of the electronic excited states of the atomic
species, varying the value of the escape factors of some lines. It is well-known
that the resonance lines tend to be self-absorbed affecting the internal dis-
tribution function of atomic nitrogen and oxygen. In order to account for
this phenomenon we set the escape factor of the vuv lines to zero and 1 for
other radiative transitions.
The results are shown in figure (7.19). The low lying excited states
(strongly radiating in the vuv part of the spectrum) are found to be over-
populated with respect to the previous predictions with the abba model
and are then closer to the results obtained with Park’s model.
Furthermore Figure 7.20 shows that the electron density evolution is
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Figure 7.18: Free electron density plots obtained with: Treanor model
(×); Macheret’s model (unbroken line); and Park’s model (dashed line).
strongly affected: while in the case of optically thin medium its evolution
presents a maximum followed by a monotonic decrease, now the population
exhibits an monotonically increasing behavior followed by a plateau region.
The reason of such behavior is the radiation cooling, which removes energy
from the flow, lowering the temperature of the free electrons that recombine.
The influence of a radiation on the ionization degree for low temperature
plasmas was discussed in details in Ref. [133]
When considering the thickness of the plasma, the radiation generated
within the shock layer can propagate ahead of the shock and interacting
with the cold gas, can be re-adsorbed. Such interaction produces ioniza-
tion, dissociation and the excitation of the internal energy modes. This
phenomenon is know with the name of precursor. An accurate modeling
of this physical mechanism would require the solution of the radiative heat
transfer equation fully coupled with the flow solver. Such treatment is out of
the scope of the present manuscript and we limit ourselves to a approximate
modeling of these precursor effects, using experimental data extracted from
shock tubes in the same range of operating conditions.
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Figure 7.19: Population profiles of N at 1 cm from the shock front com-
parison: Park’s model ();abba model α = 0 (◦); (4) abba model with the
vuv lines which are self-adsorbed.
Thus, in order to assess the influence of the precursor ionization on the
results, we assume that a certain amount of electrons are present right after
the shock. The choice of the initial electron density is based on the exper-
imental analysis carried out by Gorelov [72]. Analyzing a large number of
experiments he found the dependence of the ionization density as a function
of a shock speed and pressure. The results of such analysis are summarized
in Figure 7.21 (taken from Ref. [72]) which describes the electron densities
as a function of the distance ahead of the shock wave. The value chosen
for the electron density is of 1019 [m−3] which corresponds to the maximum
value of the electron density in the plot in Figure 7.21. We have also as-
sumed that the temperature of free electrons is about 8000 K in order to
maximize the precursor effects.
Results of such analysis, are depicted in Figure 7.22, where the electronic
distribution function of the atomic nitrogen considering the precursor effects
is compared with the original distribution (without precursor). Although,
the presence of the free-electrons in the pre-shock region enhances the exci-
tation of the atomic nitrogen, which is found to be a closer to the Boltzmann
equilibrium, the differences with respect to the former case are considered
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Figure 7.20: Electron density profiles. (*) indicates the abba model
(α = 0) and (◦) is the abba model with the vuv lines which are self-
adsorbed.
small. Hence the effects of precursor can be considered limited.
7.3.2.3 Influence of the heavy particles impact excitation on ionization
As a rule, ionization by electron impact proceeds step-by-step. It is a ladder
climbing process, in which the electrons are first excited and then ionize,
when they are close enough to the ionization limit. In fact, since in our case
the kinetic energy of the free electrons is much smaller than the ionization
potential, i.e. (I >> kTe), (where I is the ground atomic state ioniza-
tion energy) the atomic ionization occurs mainly from the upper excited
states with the ionization energy equal to (I − kTe). Therefore, ionization
processes are strongly affected by the degree of excitation of the electronic
states population.
The present section investigates the influence of the inelastic collisions
among heavy particles on the ionization process. It is commonly believed
that the excitation of electronic energy modes of atoms is dominated by the
interaction with the free electrons [138, 178] except right after the shock,
where the electron density is scarce and the molecules are the only mean of
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excitation [120, 176]. Figure 7.23 shows the effect of the individual processes
on the electron number density. The different curves in the plot represent
respectively: the electron density profile obtained neglecting all the inelastic
processes of atoms with heavy particles (unbroken line); the electron density
profile, when inelastic collisions of the atoms with the molecules are consid-
ered (dashed line); the electron density profile, when inelastic processes due
to the atom-atom and atom-molecules (dot-dashed line) interaction are ac-
counted for.
We observe a different evolution of the electron density after the shock if
heavy particle excitation and ionization is taken into account. These pro-
cesses contribute to the formation of the first electrons in the post-shock
region. In particular the processes involving molecular species tend to pro-
duce electrons very close to the shock, as opposed to the atoms that can
contribute to the formation of the electrons only when a significant amount
of dissociation has taken place. However the amount of electrons produced,
is fairly small and does not affect the excitation processes. If we compare
the electron density produced by the interaction with the heavy particles
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Figure 7.22: Population profiles of N at 1 cm from the shock front. ()
Park’s model; (◦) is the abba model (α = 0). Unbroken line is the Boltz-
mann and Saha is the dashed line. 4 accounts for the precursor effects.
with the one of figure 7.21, we can see that the radiation emitted in the
shock layer interacting with atoms and molecules in the pre-shock region
produce more electrons. Therefore the importance of the heavy particles
excitation is reduced if the interaction of the radiative field and the flowfield
is correctly accounted for.
Summary
We study the behavior of the excited electronic states of atoms in the relax-
ation zone of one-dimensional air flows obtained in shock-tube facilities. A
collisional radiative model is developed, accounting for thermal nonequilib-
rium between the translational energy mode of the gas and the vibrational
energy mode of individual molecules. The electronic states of atoms and
molecules are treated as separate species, allowing for non-Boltzmann dis-
tributions of their populations. We apply the model to a trajectory point of
the fire ii flight experiment. In the rapidly ionizing regime behind strong
shock waves, the electronic energy level populations depart from Boltzmann
distributions since the high lying bound electronic states are depleted. In
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Figure 7.23: 1634 s case. Influence of the heavy particles processes on
ionization.
order to quantify the extent of this nonequilibrium effect, we compare the
results obtained by means of the collisional radiative model with those based
on Boltzmann distributions. For the molecules the behavior is different and
departures from the Boltzmann equilibrium are limited to a narrow zone
close to the shock front. A comparison with the more recent model of Park
reveals a rather good agreement for predictions involving molecules as op-
posed to the predictions involving the populations of the electronic levels of
atoms which show discrepancies.
The analysis presented here allowed us to understand the relative im-
portance of different physical phenomena occurring in the shock layer of a
spacecraft at high re-entry speed. The influence of the vibration-dissociation
coupling is found to have a small influence on the results also because at
high speed the dissociation does occur from all the vibrational levels and it
is not restricted to the upper vibrational levels. In other words there is no
preferential way for the molecules to dissociate.
The influence of the optical thickness on the results puts forward the need
for a coupling of radiation and flowfield calculation, given the influence of the
radiative processes on the electron energy distribution function and on the
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thermo-physical properties of the plasma. This would allow us to account for
precursor phenomena in a physically consistent manner and to have a more
reliable estimation of the influence of such processes on the thermo-physical
state of the shock layer. According to our approximate estimations, how-
ever it seems that precursor phenomena have a little influence on the results.
Processes involving the excitation of the heavy particles are found negli-
gible respect to the interaction with the free-electrons and be neglected in
a simplified model.
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Chapter 8
Detailed chemistry in expanding flows
The study of the ionizing flows in shock tubes has led us to the conclusion
that nonequilibrium ionization effects may cause deviations from equilibrium
in the distribution of the electronic energy levels of atoms and molecules.
As a consequence the reduced nonequilibrium electron density with respect
to the equilibrium number density, brings about a depletion of the popula-
tion of the high lying excited levels. Different is the situation in expansion,
where the ionized plasma flows, while recombining, provoke an overpopula-
tion of the electron density. Hence, owing to the strong collisional coupling
among high-lying excited states and free electrons, the nonequilibrium elec-
tron density results in an overpopulation of the excited states [106].
The behavior of the internal energy levels in expanding flows was exten-
sively studied by the Capitelli’s group at IMIP in Bari and the results of
such investigation are thoroughly presented in Ref. [35]. Colonna in Ref. [47],
presents a self-consistent kinetic model for nitrogen plasmas to describe an
expansion through a converging-diverging conic nozzle. In particular, he in-
vestigates the role of electronically excited states of nitrogen-molecules and
free electrons and he shows that the strong coupling among these two sys-
tems affects not only the kinetic processes but also macroscopic quantities
such as Mach number and temperature profiles.
In the present chapter, we propose an analysis of the air plasma flow
generated by an electromagnetic discharge, taking place in the inductively
coupled plasma torch of the Von Karman Institute (vki) Minitorch. Air
plasmas are intrinsically more complicated than nitrogen plasmas owing to
the large number of species (and pseudo-species) produced. The behavior of
the electronically excited states of atoms and molecules is discussed, seeking
for possible deviations from equilibrium distribution function of the elec-
tronic levels. A thorough description of the CR model used, is presented in
Chapter 7.
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Reservoir Conditions
Temperature [K] 10000.0
Pressure [Pa] 101325.0
Mass-Flow [g/s] 0.55
Ne [m−3] 1.72493E+22
Composition L.T.E.
Table 8.1: Flowfield quantities inside the torch of the Minitorch.
The chapter is divided in two main parts: in Section 8.1.3, we analyze the
thermo-physical state of the plasma, disregarding the radiative transitions
and considering the medium optically thick; in Section 8.1.5 we discuss the
effects of the radiative transitions on the electronic energy distribution func-
tion, comparing with the optically thick results. This allow us to separate
the two different effects that kinetic and radiative processes have on the
thermo-physical state of the plasma.
8.1 Analysis of the VKI Minitorch
High pressure ICP sources are used in numerous applications, in particu-
lar for the testing of thermal protection materials used to protect space
(re-)entry vehicles. The planetary gas is injected in a swirling, annular
way into a heat-resistant quartz tube, surrounded by an inductor. A radio-
frequency electric current runs through the inductor and induces a secondary
current through the gas inside the tube, which heats up by means of Ohmic
dissipation. Such an ICP torch (Fig. 8.1) typically produces a low Mach
number plasma jet, which can possibly be accelerated to supersonic flow
conditions by a nozzle [53].
The plasma produced in the torch, initially in equilibrium conditions at
atmospheric pressure, is expanded in a converging-diverging nozzle, placed
at the outlet of the torch. The reservoir conditions are written in Table 8.1.
The nozzle geometry composed of a converging part of 2.85 cm and a
conical diverging part of 1.35 cm, with an semi-opening angle of 3 degrees, is
depicted in Figure 8.2. The converging part of the nozzle is usually found in
equilibrium conditions up to the throat, as opposed to the region close to the
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Figure 8.1: vki pilot ICP facility in operation.
nozzle exit, where the flow may freeze. The two points under investigations
are the nozzle throat and the nozzle outlet, located at respectively 2.85 cm
and 4.2 cm from the inlet. The part of the flowfield among these two points
is characterized by strong nonequilibrium effects and justifies the choice of
the points of analysis.
8.1.1 Model description
The nozzle code, presented in Chapter 2 and validated against literature in
Chapter 5, is applied to the analysis of the expanding flow taking place in
the nozzle of the vki Minitorch facility. The electronic specific CR model
accounts for the modeling of the electronic energy, whereas the vibrational
energy levels are assumed to be populated accordingly to the Boltzmann dis-
tribution. Furthermore the free electrons follow a Maxwellian distribution
at a temperature Te and their evolution is governed by a separate equation.
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Figure 8.2: Geometry of the nozzle of the vki Minitorch.
The mixture used, accounts for the species and pseudo-species listed in
the preceding chapters: the forty six levels of atomic nitrogen and forty
levels of the atomic oxygen can be found in Tab. A.1; the electronic states
considered for the molecular species are presented in Tab. 7.1. All the de-
tails concerning radiative and kinetic process can be found in Chapter 6.
The set of equations was discussed in Chapter 2 and the modifications in-
troduced, owing to the state specific treatment of the electronic levels, were
discussed in Chapter 6. The TTV model of Park is used in order to ac-
count for the vibration-dissociation coupling and the non-preferential model
of Candler has been used to account for the influence of chemistry on vibra-
tion. In the following calculations the optical thickness of the medium has
been considered by making use of the escape factors. Ranging their value
from 0 to 1, we change the thickness of the gas from thick to thin.
Remark: Recent experiments conducted at Stanford University [65] have
shown that the vibrational levels of certain electronic states (in particular
B3Π of N2), can strongly depart from the Boltzmann distribution when the
concentration of atomic nitrogen is higher that its equilibrium value. Vibra-
tional nonequilibrium models have been developed for nitrogen plasmas in
Ref. [150–152] in order to account for departures from Boltzmann distribu-
tion.
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Since the hypothesis of Boltzmann distribution among the vibrational
energy levels may not hold, the first steps to extend the collisional radiative
model to account for vibrational nonequilibrium effects have been carried
out. A thorough description work done is given in Ref. [25] and the kinetic
data-set is detailed in [40, 90].
8.1.2 Flowfield characterization
The knowledge of pressure, temperatures and electron number density in-
side the nozzle is of primary concern to characterize important features of
the physico-chemical state of the plasma. An accurate investigation of the
evolution of these flow quantities is presented here.
The pressure, depicted in Figure 8.3, has a strong influence on the thermo-
physical and chemical state of the plasma, since it influences the response
time of the gas to the changes in the thermodynamic properties occurring
along the expansion. Since most of the expansion in the flow takes place
in the diverging part, the converging part of the nozzle is characterized by
high pressure and low velocity keeping the plasma to equilibrium conditions.
However, as the gas moves downstream, towards the throat and the nozzle
exit, the first nonequilibrium effects begin to appear since the pressure is
low and the flow velocity is maximum.
Temperature profiles are shown in Figure 8.4. The vibrational tempera-
ture of molecular nitrogen and the free-electron translational temperature
are strongly coupled to each other thanks to EV exchanges and reach a
state of partial equilibrium among each other in the diverging part of the
nozzle. Different is the behavior of molecular oxygen and nitric-oxide whose
vibrational temperatures stay close to equilibrium values and show small
departures from the ro-translational temperature.
In Table 8.2, we summarize the characteristic quantities of the flow at the
nozzle exit and in particular, we indicate two different values of the electron
number density: ne, neEQ.
The first value refers to the computed number density at the outlet, given
by the nozzle code, the second value represents the equilibrium number
density expected at 6000 K and 3000 Pa, respectively the free-electron tem-
perature1 and static pressure at the outlet.
1Since the flow in not in equilibrium we decided to use the free electron temperature
since it rules the ionization-recombination processes.
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Figure 8.3: vki Minitorch. Pressure profile along the axis of the nozzle.
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Figure 8.4: vki Minitorch. Evolution of the temperatures along the axis
of the nozzle. Optically thick medium.
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Outlet Conditions
T [K] 3283.
TvN2 [K] 5851.
TvNO [K] 3865.
TvO2 [K] 4198.
Te [K] 5930.
Pressure [Pa] 3093.
ne [m−3] 1.14091E+21
neEQ [m−3] 1.65602E+19
Table 8.2: vki Minitorch. Flowfield quantities in correspondence of the
torch outlet.
We observe a strong nonequilibrium of the free electrons density which, as
we shall see in the next section, causes an overpopulation of the electroni-
cally excited states of the atoms and molecules, since free electrons are very
efficient as collision partner for electronic excitation.
8.1.3 Analysis of the atomic distribution function
The converging part of the nozzle is characterized by high values of the
static pressure and the distribution of the excited states tends to follow a
Maxwell-Boltzmann distribution. Therefore the knowledge of pressure and
temperature allows us to accurately describe the physico-chemical state of
the plasma. However, as we approach the nozzle throat, the gas rapidly
expands, the temperature of atoms and molecules decreases, and the ions
and atoms tend to recombine to reach chemical equilibrium corresponding
to the local temperature. In this condition, the collisional processes may not
be efficient enough to maintain the equilibrium among the electronic levels
of atoms and molecules.
Figure 8.5 shows the electronic distribution function of atomic nitrogen at
the throat. It is interesting to observe that at this location the population
is very close to a Boltzmann distribution, although vibrational nonequilib-
rium effects are already present, as shown in Figure 8.4. The atomic oxygen
exhibits the same type of behavior in correspondence of the throat and is
found to be in Boltzmann equilibrium. At the outlet of the nozzle, Fig-
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Figure 8.5: Throat. Normalized Population plots: comparison with equi-
librium.
ure 8.6 shows a strong overpopulation of the excited states. In recombining
plasmas, the high-lying bound electrons tend to behave like free electrons.
Thus, the electronic levels of the upper states are found in Saha equilib-
rium (at Te) with the free-electrons and they are not in thermal equilibrium
with the ground electronic state [106]. The same physical phenomena have
been observed experimentally in argon plasmas produced by electromag-
netic discharges in Ref. [9, 71, 127]. The importance of such phenomenon
is underlined in Ref. [127] where the influence of the non-Boltzmann distri-
bution of the excite states on the temperature measurements is discussed.
Only by accounting for the non-Boltzmann distribution of excited states it
is possible to find agreement among spectroscopic measurements, based on
the analysis of the atomic line radiation and an independent calorimetric
energy balance. In molecular gases however, those effects may be reduced
for two reasons. Firstly, in air, electrons are strongly coupled with N2 vibra-
tion (and to a lesser extent, also with O2 vibration) [87]. Since vibrational
temperature thermalizes with the translational energy of heavy particles by
means of VT exchanges, finally the translational temperature of free elec-
trons is cooled and the ionization degree is lower. Secondly, the mechanism
of recombination of free-electrons is due to dissociative recombination, a
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Figure 8.6: Outlet. Normalized population plots of atomic nitrogen: com-
parison with equilibrium.
two body process which is much faster than the three-body recombination
taking place in atomic plasmas [65].
In conclusion, the analysis of the population of the electronic levels of
atomic species demonstrates the importance of the use of a state specific
approach in order to capture the deviation from equilibrium from the elec-
tronic energy distribution function. If neglected, such effects may lead to a
misinterpretation of the experimental results as indicated in Ref. [127].
8.1.4 Analysis of the electronic states of the molecules
The analysis of the evolution of the electronic states of the molecules in
a post-discharge environment is addressed in numerous contributions [61,
65, 107, 152]. The general tendency shows an overpopulation of excited
states of the electronic levels, which is confirmed by the spectroscopic mea-
surements [65]. In this section we compare the population of the excited
states, produced by the CR calculation, against the corresponding equilib-
rium value. This allows us to quantify the extent of nonequilibrium of the
electronic states of the molecular species.
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Figure 8.7: Outlet. Normalized population plots of atomic oxygen: com-
parison with equilibrium.
Figure 8.8 shows the behavior of the ground and the excited states of
molecular nitrogen. A comparison is carried out with the corresponding
equilibrium values at each location along the nozzle axis. Equilibrium cal-
culations (dashed lines) have been carried out extracting number density
and temperatures of the individual molecule under analysis, assuming that
the excited states are populated according to Boltzmann distribution.
Figure 8.8 shows how the population of N2, which is supposed to be in equi-
librium in the reservoir, stays in equilibrium throughout all the expansion,
although a slight overpopulation of N2 C state is present at the nozzle outlet.
Similar behavior can be observed for the excited states of N+2 in Figure 8.9
where the overpopulation of the N+2 B is rather limited. The excitation pro-
cesses of the B state of N+2 are modeled using rate constants estimated by
Teulet in Ref. [171]. However a comparison of those rates with others found
in literature [73], shows large discrepancies. Therefore the conclusions con-
cerning the state of degree of nonequilibrium of N+2 may be substantially
different, owing to the sensitivity of the electronic population to the model
used for the kinetic processes.
Different is the behavior of NO, NO+ and O2 which are found to depart
from equilibrium in proximity of the nozzle exit. In Figure 8.10 the popula-
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Figure 8.8: N2 excited states of populations [m−3] along the nozzle axis.
Dashed lines: equilibrium value; unbroken lines CR model results.
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Figure 8.9: N+2 excited states of populations [m
−3] along the nozzle axis.
Dashed lines: equilibrium value; unbroken lines CR model results.
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Figure 8.10: NO excited states of populations [m−3] along the nozzle axis.
Dashed lines: equilibrium value; unbroken lines CR model results.
tion of exited states of NO is found to be overpopulated by more than one
order of magnitude, with a consequent enhancement of the radiative signa-
ture, e.g. β(B2Π→ X2Π) γ(A2Σ→ X2Π) systems. Similar is the behavior
of NO+ and O2 molecules where the excited states follow the same trend of
NO.
In conclusion, according to the analysis carried out in this section, the
populations electronic states of N2 and N+2 can be described by a tempera-
ture as they are in Boltzmann equilibrium at the free-electron temperature.
Different is the behavior of the other molecular species, which are found
strongly overpopulated at the nozzle outlet.
8.1.5 Influence of the optical thickness on the results
In this section, the influence of radiative transitions on the thermo-chemical
state of the plasma is addressed. The analysis, carried out within the crude
approximation of optically thin medium, begins with the investigation of
the radiative effects on the flowfield quantities.
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Figure 8.11: NO+ excited states of populations [m−3] along the nozzle
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Figure 8.12: NO+ excited states of populations [m−3] along the nozzle
axis. Dashed lines: equilibrium value; unbroken lines CR model results.
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Figure 8.13: Temperature profiles along the nozzle axis: optically thin
medium.
Comparing the temperature profiles in Figure 8.13 (optically thin) and
Figure 8.4 (optically thick), we notice the absence of a plateau in the con-
verging part of the nozzle, being the temperatures generally lower than the
optically thick case. Such effect is due to a decreasing of the total enthalpy of
the gas, owing to the radiative cooling. Indeed since we assume that all the
radiation escapes, the gas cools down and the temperature profiles exhibit
a monotonically decreasing behavior. Particularly strong are the effects in
the converging part of the nozzle, where pressure and temperature are high.
The behavior of the free-electron temperature, depicted in the same figure
exhibits larger departures from the heavy particles translational tempera-
ture, if compared to the optically thick case. The reason is to be sought in
the reduced density of the charged particles due to radiative cooling, which
makes the elastic exchanges among light and heavy particles less efficient.
Furthermore, since the analysis does not include radiative and dielectronic
recombination, the radiative losses do not influence directly the temperature
of free electrons.
The behaviors of the atomic and molecular electronic distribution func-
tions, depicted in Figures 8.14-8.17 strongly depend on the relative impor-
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Figure 8.14: Outlet. Normalized population plots of atomic nitrogen:
comparison with equilibrium.
tance of radiative and collisional processes. If we consider for example the
excitation from a level i to a level j (with i < j) of a generic molecule or
atom
dA(j)
dt
= ki→jA(i)e−
we see that the excitation rate dA(j)dt scales with p
2 as opposed to radiative
processes which scale with p. Hence, at high pressure the rate of collisional
excitation and de-excitation tends to be much faster than the radiative pro-
cesses and the flow is found in equilibrium. However, as the pressure is
lowered, radiation may have an important effect on the population and de-
population of the electronically excited levels.
The effects of radiative transitions on the electronic population of the
atomic nitrogen can be observed in Figure 8.14. Radiative transitions tend
to deplete the low lying excited levels, which, in some cases, are found to
be depopulated respect to the Boltzmann prediction. The high-lying levels,
which do not radiate as much, are very closely coupled by kinetic processes
with the emitting levels and their population is also lowered.
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Figure 8.15: N2 excited states of populations [m−3] along the nozzle
axis: comparison optically thin (unbroken lines) and optically thick results
(dashed lines).
The behavior of molecular nitrogen is strongly affected by the cooling of
the gas. Figure 8.15 compares the number densities of the optically thick
case with the optically thin case. The drop of the temperature in the con-
verging part of the nozzle, enhancing the recombination of atoms and ions,
brings about an increase of the density of the molecular species in the ground
and excited states. The overpopulation of the excited states mostly comes
from the recombination of the ionic molecules, which are found to be under-
populated, as shown in Figure 8.16. The analysis of the departure from
equilibrium conditions confirms the results discussed in the optically thick
case: N2 and N+2 are found in equilibrium throughout the all computational
domain. In Figure 8.16 the equilibrium results, shown only for few locations
have been estimated extracting number density and free electron temper-
ature from the optically thin calculations and therefore these values differ
from the values estimated in the optically thick case. The analysis of the
other molecules present in the mixture, shows the same increase in the pop-
ulation of the ground state and excited states of the neutral molecules due
to radiative cooling, as discussed in the case of molecular nitrogen. How-
ever a direct comparison of extent of nonequilibrium in Figure 8.17 with the
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Figure 8.16: N+2 excited states of populations [m
−3] along the nozzle
axis: comparison optically thin (unbroken lines) and optically thick results
(dashed lines). Equilibrium results (×).
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thin (unbroken lines) and equilibrium results (×).
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corresponding optically thick case in Figure 8.10 shows a reduction of the
overpopulation of the excited states due to radiative processes.
Summary and conclusions
In this chapter the expansion of the plasma in the nozzle of the vki Mini-
torch facility was studied using an electronically specific collisional radiative
model for air plasmas. The collisional-radiative model accounts for thermal
nonequilibrium between the ro-translational and vibrational energy modes
of individual molecular species and deals with electronic states of atoms
and molecules as separate species. Therefore, non-Boltzmann distributions
of the electronic state populations of atoms and molecules are allowed. A
separate temperature characterizes the energy contained in the translational
mode of the free electrons. Radiative processes are accounted for using es-
cape factors and the influence of the optical thickness of the medium on the
results has been also discussed.
In order to quantify the extent of departure from equilibrium of the elec-
tronic state populations, our results have been compared with those obtained
assuming a Boltzmann distribution. Departures of the electronic state dis-
tribution function of atoms and molecules from the Maxwell-Boltzmann dis-
tribution are found at the outlet of the nozzle. The radiative losses in the
plasma have been accounted for by means of escape factors. The optically
thick results revealed a strong overpopulation of the electronically excited
states of the atoms and for all the molecular species with the exception of
N2, N+2 . When the radiative effects are accounted for, the overpopulation
of the excited states of atoms is drastically reduced as opposed to the be-
havior of excited states of the molecules, which show a small reduction of
the nonequilibrium effects in particular for NO, NO+ and O2. Moreover the
effect of the radiative cooling leads to a strong overpopulation in the density
of the molecular species owing to the recombination of atoms and ions.
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Chapter 9
Toward a simplified model
The collisional radiative models, discussed in the previous chapters, describe
the evolution of the electronically excited states of atoms and molecules,
solving a large number of equations. The practical implementation of such
models in multi-dimensional Navier-Stokes solvers, would require prohibitive
computational resources and is therefore not applicable. Nowadays this
problem is overcome adopting the loosely coupled QSS approach, exten-
sively discussed in Chapter 6. This approach may give reasonable results,
but it is not general, since it requires ad hoc assumptions for the flowfield
calculations (§ 6.2.5.3). Gally in Ref. [64] proposed an innovative method
assuming that the metastable states are populated according to a Boltz-
mann distribution and the upper levels are in a Saha equilibrium with the
free state. Gally’s model, although very appealing, owing to the analytical
expressions for the electronic distributions, which makes it computationally
efficient, was proven to give inaccurate results [93].
In this work, the detailed CR models previously described, are used to
derive an approximate model, which is significantly simpler, given the re-
duced number of levels accounted for. The model is designed for its direct
application to conventional 2D-3D CFD solvers (as shown in Chapter 10)
and it accounts for a combination of ”real” and lumped electronic state of
the atoms, allowing for an explicit determination of the electronic distribu-
tion function. An accurate description of the number of electronic levels
considered, is given in Section 9.1, while the formulation adopted to model
the elementary processes is discussed in Section 9.2. The results obtained
are nearly as accurate as the detailed CR model at predicting the resulting
nonequilibrium populations, as confirmed by the comparison among the two
models presented in details in Section 9.3.
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Grouped states Effective state N Energy [eV] State O Energy [eV]
1 1 0. 1 0.
2 2 2.38 2 1.97
3 3 3.58 3 4.19
4 4-6 10.69 4-6 9.52
5 7-13 12. 7-13 12.09
6 14-21 12.98 14-21 12.78
7 22-27 13.27 22-27 13.05
8 28-46 13.68 28-40 13.464
Table 9.1: Nitrogen and Oxygen. Grouped states simplified abba model.
9.1 Lumping of the states of the atomic species
To create a simplified Collisional-Radiative model, we first need to define the
energy states. An accurate analysis of the results presented in Section 6.2.5
suggests the possibility of reducing the number of levels to be considered
in the CR model, by grouping the high lying excited levels of the atomic
species. Indeed many electronic levels, owing to a reduced energy spacing,
are likely to be in equilibrium among each other, thanks to the collisional
coupling. Moreover the levels located close to the continuum are in chemical
equilibrium (Saha equilibrium) with the free electrons and their population
can be easily estimated by means of the Saha equation. Therefore the de-
scription of the detailed kinetic processes for these electronic states, results
in an increase of the computational effort, without improving the accuracy
of the model.
Substantially different is the behavior of the metastable states, which
tend to be in equilibrium with the ground state. The different kinetics of
the metastable and high lying excited states requires a separate grouping.
Furthermore among the high lying excited states we can distinguish two
additional group of levels: the ones close to the ionization limit, which do
not radiate significantly and are in Saha equilibrium; and the lower excited
levels close to the metastable states, which strongly radiate in the VUV
part of the spectrum and are less efficiently coupled by collisions, owing to
the larger energy barrier among each other. The three macroscopic groups
of levels have been subdivided as indicated in Table 9.1. The ground and
the metastable states are not grouped together, since, as observed in Sec-
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tion 6.2.5.4, their populations may depart from the Boltzmann distribution.
Furthermore an accurate estimation of their population is crucial, since they
are highly populated and strongly contribute to the excitation of the upper
states [99]-[100]. The second macroscopic group of levels, has been subdi-
vided including in the same group the levels having nearly the same slope
in Figure 6.12.
Another important constraint, when coupling the energy states is given by
the radiative transitions: it is important to avoid that two major radiative
transitions of interest are lost as a consequence of a poor choice of level
grouping [31]. Hence the grouping of the levels is chosen avoiding to include
the major radiative transitions within the same grouped state.
9.2 Elementary processes of grouped levels
To describe the evolution of the plasma, once defined the energy states to
consider, we have to model the way these levels evolve with time, expressing
the rates at which each single level is populated or depleted. A description of
the elementary processes requires a modification of the kinetic and radiative
processes introduced in chapter 6 to account for the grouping of the levels.
The radiative processes within the same grouped level have been dis-
carded, since they do not affect the population of the level. In principle we
could account for their contribution to the radiation cooling, however given
the low energy content, such contribution was considered negligible.
The elementary process involving inelastic collisions of atoms and elec-
trons, i.e. the excitation and ionization processes, require the average of
the reaction rate constants, due to the grouping of the levels. The averages
are based on the Boltzmann distribution and are outlined in the following
sections. The same type of averaging is required for the inelastic excitation
involving heavy particles. However, given their reduced influence on the
excitation as well as the ionization processes (§ 7), such induced processes
have been neglected.
Ionization for grouped levels
The ionization rate coefficients, from the Lth grouped level, is obtained av-
eraging the rates of each un-grouped state over the Boltzmann distribution.
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Therefore we can write:
KL→cf =
NL∑
i
Ni
NTOT
ki→ci,f (9.1)
where NL indicate the number of levels included in the lumped group, NTOT
is the total number density of the lumped level and ki,f refers to the rate
constant for electron impact ionization of the single state.
Substituting the Boltzmann distribution function in 9.1 we retrieve:
KL→cf =
∑NL
i gi k
i→c
i,f exp
(
− EikBTe
)
∑NL
k gk exp
(
− EkkBTe
) (9.2)
where KL→cf is the desired averaged rate constant.
Excitation for grouped levels
The grouping procedure requires the averaging of the reaction rate constants
for the excitation processes. Indicating with L∗ the lower grouped level and
with L∗∗ the final state, the averaged rate constants reads:
KL∗→L∗∗f =
NL∗∑
i
Ni
N∗TOT
NL∗∗∑
j
Nj
N∗∗TOT
ki→jf (9.3)
where N∗TOT is the number density of the lower grouped state and N
∗∗
TOT
is number density of the upper grouped state. The index i and j indicates
respectively the un-grouped states of the lower and upper excited states.
The rate coefficient for the electron impact excitation from the generic level
i to the level j is indicated with ki→jf . Assuming the Boltzmann population
of the grouped states equation 9.3 becomes:
KL∗→L∗∗f =
∑NL∗
i
∑NL∗∗
j gigj k
i→j
f exp
(
−Ei+EjkBTe
)
∑N∗L
k
∑N∗∗L
l gkgl exp
(
−Ek+ElkBTe
) (9.4)
In a similar manner the excitation rate constants from the ground and the
metastable states to the lumped states (indicated with L) are estimated.
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Ki→Lf =
∑NL
j gj k
i→j
f exp
(
− EjkBTe
)
∑NL
l gl exp
(
− ElkBTe
) (9.5)
Where i represents the index of ground, first or second metastable state for
nitrogen or oxygen atoms.
9.3 Comparison approximate and accurate CR
models
A needed step, before a full implementation of the approximate CR model
in a multidimensional CFD solver, is the validation against the accurate
model presented in the foregoing chapters. The mixture used in the present
investigation accounts for neutral and charged species and includes a de-
tailed treatment of the electronic states of nitrogen, N(1 − 8) and oxygen,
O(1 − 8) atoms. The molecular species are assumed to be populated ac-
cording to Boltzmann distribution. Such hypothesis may not hold, as dis-
cussed in Chapter 7, however since the main objective of the present work is
the application of the model to CFD solvers, the detailed description of the
nonequilibrium population of the atoms is considered sufficient at this stage.
The set of equations solved and the models used for the missing radiative
and kinetic processes are detailed in Section 6.2.3 . The shock tube oper-
ating conditions are chosen to match the flight conditions of the FIRE II
testcase at the 1634 second from the launch. The comparison among the
two CR models is performed analyzing the Boltzmann diagrams at 1 cm
from the shock front.
For the populations of the atomic nitrogen levels, Figure 9.1 shows that
the differences among the two models are limited to small departure in the
population density in the intermediate energy range. High lying excited
states close to the continuum as well as the metastable states are very well
described by the few states of the simplified model. In order to improve
the agreement among the intermediate states, the number of grouped levels
could be increased, increasing the accuracy and computational time.
Computational efficiency of the model is easily demonstrated if we con-
sider that a full simulation requires only a couple of seconds, as opposed to
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Figure 9.1: 1634 sec. Comparison among the detailed abba model (◦) and
the simplified CR approach (4) for atomic nitrogen. The location is 1 cm
from the shock front.
the full model which requires about 5 minutes.
From the present analysis concerning the non-Boltzmann modeling of
atomic species, for the high speed re-entry applications, the simplified model
provides a sufficiently accurate prediction of the electronic distribution func-
tion of the atoms, being computationally more efficient than the detailed
models. The eight grouped levels used by this model for nitrogen and oxy-
gen (listed in Table 9.1) can substitute respectively, the 46 and 40 levels
for nitrogen and oxygen, allowing the implementation in more sophisticated
flow solvers.
Summary
A simplified CR model, obtained using the more complete and elaborated
model detailed in Chapters 6-7 is presented and validated. The use of group
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of levels allows to drastically reduce the computational time, given the lim-
ited number of equations to be solved. In Table 9.1 all the levels considered
for nitrogen and oxygen atoms are listed.
In conclusion, the eight grouped levels used by this model for nitrogen and
oxygen (listed in Table 9.1) can substitute respectively, the 46 and 40 levels
for nitrogen and oxygen, allowing the implementation in more sophisticated
flow solvers.
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Part III
Application to CFD: COOLFluiD
Hypersonic
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Computational Fluid Dynamics
In the present chapter the physical models, developed in the first and second
part of the manuscript, are applied to a multi-dimensional Navier-Stokes
solver. All the results to be presented have been obtained using a paral-
lel unstructured solver, COOLFluiD, an object-oriented high-performance
framework for multi-physics written in C++, extensively described in [103,
104]. COOLFluiD was extended to thermochemical nonequilibrium, in the
framework of this project and thanks to the fruitful collaboration with Dr.
A. Lani, who took care of the practical implementation of the numerical
methods, needed to solve the governing equations detailed in Chapter 2.
The techniques employed for the discretization and the solution of the equa-
tions are detailed in Section 10.1.
The chapter is organized as follows: We first discuss the 2D results ob-
tained for high speed re-entry conditions, analyzing the shock layer of the
fire ii flight experiment, for the flight condition 1636, and comparing our
Navier-Stokes results with the one produced by the laura code, aiming at
validating the code, for high speed re-entry conditions.
We move then, in Section 10.3, to the detailed investigation of the flight
condition 1634. As previously shown, the analysis of such case requires the
use of a CR model to account for the non-Boltzmann effects, in the elec-
tronic energy distribution function. To this end we use the simplified CR
model presented, in section 9.
The last part of the Chapter 10.2, is devoted to the full 3D simulation
of the flow around the expert vehicle, in the early part of its trajectory,
where thermal and chemical nonequilibrium effects are strong (§10.4).
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10.1 Numerical methods
When coming to the practical solution of the governing equations discussed
in Chapter 2, the present research project could benefit from the work,
carried out by A. Lani in the development of numerical algorithms for con-
servation laws [102]. Therefore in this section, we limit ourselves to a brief
description of the techniques used.
10.1.1 Numerical discretization
The governing equations for the nonequilibrium flow are now written in a
form that is more suitable for the derivation of the numerical method. Notice
that in the following the diffusive part of the heat flux is written explicitly.
U = (ρs, ρ~u, ρE, ρeVm, ρEe)
T (10.1)
The convective and diffusive fluxes are given by:
Fci =

ρs~u
ρ~u~u+ pIˆ
ρ~uH
ρ~ueVm
ρ~uHe

, Fvi =

−ρs~Vs
τ¯
τ¯~u− ~qc −
∑
s ρshs
~Vs
−∑s ρshVs ~Vs − ~qcv
−∑s∈H ρshEs ~Vs − ρehe~Ve − ~qce

. (10.2)
and the vector of source terms
S =

ω˙s
0
−QRadI
Ω˙CVm + Ω˙
V T
m + Ω˙
V V
m − Ω˙EVm
−pe∇ · ~u+
∑
i∈EMiω˙ie
E
i − Ω˙I + Ω˙ET + Ω˙EV −QRadII

(10.3)
The non-conservative term in the electron and electronic excitation en-
ergy equation −pe∇ · ~u, may poses problems in presence of discontinuity.
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Alternatives are being sought as recently discussed in [113].
The solution of the partial differential equations, previously discussed,
is obtained using a finite volume technique. We consider the system of
governing equations written in integral conservation form:
∂
∂t
∫
Ω
UdΩ +
∮
Σ
Fc · ndΣ +
∮
Σ
Fv · ndΣ =
∫
Ω
SdΩ (10.4)
where F c and F v are respectively the convective and diffusive fluxes and S
is the reaction term. We apply a conventional cell centered Finite Volume
space discretization with weighted least square reconstruction [7], yielding
second order accuracy. Oscillation free solutions are obtained with the mul-
tidimensional limiters of Barth-Jespersen [7] or Venkatakhrisnan (our pre-
ferred choice in 3D) [175]. The numerical convective flux is computed by
means of the Liou-Steffen AUSM scheme [109], appropriately extended to
deal with thermo-chemical non equilibrium, which offers a good compromise
between robustness and accuracy, while being not prone to the carbuncle
phenomenon (at least we did not experience it in any of our calculations).
We rewrite the system Eqs. (10.4) as follows:
R˜(P ) =
dU
dt
+RFV (U) = 0 (10.5)
where R˜(P ) is a ‘pseudo-steady’ residual and P = [ρs, ~V , T, Tvi, Te] is the
vector of primitive variables, in which the governing equations are ‘explicitly
closed’ and which is therefore the most logical choice for storing the solu-
tion. The choice of a Backward Euler time integrator leads to the following
expression for R˜(P ):
R˜(P ) =
U(P )− U(Pn)
∆t
+RFV (U(P )), (10.6)
where the relation U = U(P ) is an explicit analytical relation, i.e. the
transformation from primary to conservative variables. The application of
a one step Newton method yields the following linear system:[
∂R˜
∂P
(Pn)
]
∆Pn = −R˜(Pn), (10.7)
where the jacobian matrix ∂R˜∂P is computed numerically. The GMRES algo-
rithm with an ILU preconditioner serves to solve the corresponding linear
systems arising from Newton linearizations.
The update is also performed in primitive variables:
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Pn+1 = Pn + ∆Pn. (10.8)
This scheme can effectively be applied with an arbitrarily convenient choice
for the variables P , but also leaving freedom to the users in the choice of
the implicit time integrator, e.g. Crank-Nicholson or Three Point Backward
if time accuracy is required.
10.2 Multitemperature model: 1636 s case
The analysis to be presented shortly, concerns the nonequilibrium simula-
tion of the flowfield in the shock layer of the fire ii vehicle. The forthcoming
results will allow us to verify the validity of the multitemperature model,
comparing our results with the predictions given in Ref. [83].
Even if COOLFluiD is an unstructured solver, we found that structured
meshes, carefully aligned with the shock, give better results in hypersonic
regimes. Indeed any minor misalignment of the grid with the bow shock
wave, can generate errors in the stagnation region, which can degenerate in
the well-known carbuncle phenomena [32]. The use of unstructured grids is
therefore avoided when possible.
Figure 10.1 shows a snapshot of the grid and the geometry of the heat
shield from the symmetry axis (stagnation line) to the shoulder. Only half
of the shock-layer is simulated, being the body symmetric and at zero inci-
dence. The structured mesh accounts for 28841 elements, and was designed
to contain the bow shock wave, for different points in the trajectory of the
fire ii experiment.
Although we recognize the importance of an accurate modeling of the
gas-surface interaction [44, 45, 154, 174], for sake of simplicity, we consider
the surface isothermal (at T = 800 K) and non-catalytic.
The ausm+ scheme is used in the simulations, since it is exceptionally
robust and it is carbuncle free even at these very high velocities. Second or-
der accuracy has been achieved by means of the least square reconstruction
in combination with the Venkatakrishnan [175] limiter.
As far as the physical model is concerned, the 2-temperatures TTV model
is used to describe the post shock thermal relaxation and Park’s kinetic
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Figure 10.1: Fire 2 vehicle. Axisymmetric grid composed of 28841 ele-
ments.
mechanism was employed to account for the chemistry taking place in the
flow. Furthermore ΩI , as modeled by Johnston and the non-preferential
ΩCV source terms are adopted.
In Ref. [102] a validation of COOLFluiD with the models implemented in
the framework of this project is presented comparing our predictions against
experimental data and different CFD results. In Figure 10.2, translational
and vibrational temperatures are compared against the results provided from
literature. The shock is located on the left as opposed to the boundary layer
which is located at a distance of 5 cm from the shock front. The stand off
distance is very similar for the different predictions. The maximum transla-
tional temperature, predicted by COOLFluiD, exceeds the values given by
the reference codes. In particular, laura’s predictions are slightly higher
than 30 000 K as opposed to our results, which reach 45 000 K. The calcu-
lations have been performed on different grids and comparing the thickness
of the shocks, we may infer that laura’s results are more dissipative in the
shock region. A possible explanation is given by lack of grid refinement in
correspondence of the shock, which may justify the lowering of the maxi-
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Figure 10.2: 1636 s. Temperature profiles: comparison with literature
Ref. [83].
mum temperature.
Also, the reasons of the discrepancies in the vibrational temperature pro-
files are to be sought in a different modeling of the V T term. The use of
an-harmonic oscillators in the expression of the Landau-Teller formula in
the reference results, as opposed to the harmonic oscillator expression used
throughout this work, may partially accounts for the differences shown in
the picture. Furthermore the constants used in the Millikan and White
formulas to express the relaxation times are slightly different: we use the
constants given by Park in Ref. [146] as opposed to the other codes, whose
relaxation time constants are given in Ref. [83].
In Figure 10.3, the number density of N, O and e− are compared with
results obtained with laura code and kindly provided by C. Johnston. The
concentration profiles are in rather good agreement with laura’s prediction
in the post shock area as well as in the equilibrium region. Differences are
found in correspondence of the boundary layer (right side of the picture),
owing to the different assumption concerning the catalytic properties of the
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son literature: (unbroken lines) COOLFluiD Hypersonic; (dashed) laura
code.
wall. We have assumed non-catalytic wall as opposed to laura’s predictions
which are based on the fully catalytic assumption. A detailed discussion on
the influence of the catalytic activity of the wall on the results may be found
in Ref. [6, 154].
It is interesting to compare the predictions given by COOLFluiD, with
the ones of shocking depicted in Figure 5.3. The better agreement, shown
by COOLFluiD when compared with literature, is due to the influence of
the viscous effects, neglected in shocking. The vibrational temperature
just after the shock in the viscous calculation (Figure 10.2) is higher than
the free-stream value (which is the value assumed by shocking) and pro-
motes the dissociation of the molecular species. Also, in the area close to the
shock, the steep gradients in temperature pressure and composition enhance
the diffusion of the different species and in particular electrons, which can
react with the incoming N2 and O2 molecules. All these effects constitute
the so called conduction precursor [119] and have to be accounted for, since
they may affect the chemistry.
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Generally speaking the comparison of temperature and composition pro-
files shows a reasonable agreement with the solutions provided in literature.
10.3 Simplified Collisional-Radiative model:
COOLFluiD hypersonic
To investigate the influences of the non-Boltzmann electronic distribution
function on the physico-chemical properties of the plasma, we use the simpli-
fied CR model, discussed in chapter 9. The forthcoming results investigates
the strong nonequilibrium effects, which characterize the shock layer of the
fire ii vehicle in the early part of its re-entry trajectory (1634 s).
As previously discussed, the approximate model was explicitly designed
for its application to multidimensional flow solver and was proven to provide
results in good agreement with the detailed CR model. Owing to the large
number of equations to be solved, we decided to restrict our analysis to the
atomic nitrogen, assuming that the electronic states of atomic oxygen are
populated according to Boltzmann distribution. A common temperature,
referred in the following as TV , describes the vibrational and electronic ex-
citation of the species in the mixture. Also, the effect of radiation on the
flowfield is modeled in crude manner, using the escape factors and including
radiation cooling effects. The resulting set of equations consists of twenty
partial differential equations to be solved on the structured grid depicted in
Figure 10.1.
The large nose radius of fire ii, designed to reduce the effects of the con-
vective heating, is responsible for the high temperatures and low convection
speeds within the shock layer. Vibrational and translational temperatures
in the stagnation region are depicted in Figure 10.4, assuming that the
medium is optically thin (α = 1). The upper part of the plot represents
T , whereas the lower part is related to TV . The temperatures seem to be
rather uniform in radial direction, being the gradients very small because
of the blunted nose, which strongly stagnates the flow. The evolution along
the stagnation line is depicted in Figure 10.5. As expected the translational
temperature strongly rises in the post shock region, as opposed to the vibra-
tional temperature, which stays much lower. An important difference, with
respect to the one dimensional results, is given by the post shock vibrational
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Figure 10.4: 1634 s. Temperature plots in the stagnation region. Upper
part: Translational temperature T. Lower part: Vibrational temperature
TV.
temperature, which is defined as the temperature in correspondence of the
peak in translational temperature. In the foregoing chapters, when deal-
ing with onedimesional shock tube calculations, we imposed the freezing of
the internal energy modes across the shock, assuming that the post-shock
vibrational temperature was the same as the free-stream temperature. How-
ever, as demonstrated in Figure 10.5, the combined effects of viscosity and
thermal conductivity lead to a finite thickness shock inducing vibrational
excitation within the shock. The use of a shock slip condition [93] would
allow to correct such discrepancies in the one dimensional calculations.
Figure 10.6 shows that the electron number density exhibits a strong de-
pendence on optical thickness of the shock layer. In Figure (10.6) the upper
part of the contour represents the optically thick case, whereas the optically
thin results are shown in the lower part of the plot. As expected, the opti-
cally thin case exhibits lower electron densities, owing to the effects of the
radiation cooling.
10.3.1 Detailed analysis: atomic nitrogen
The population of the excited states of atomic nitrogen, governed by the
detailed kinetics, is compared with the corresponding equilibrium values, in
order to characterize the extent of nonequilibrium within the shock layer.
To this end we define the nonequilibrium factor, (χ), as the ratio of the pop-
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Figure 10.5: 1634 s. Temperature profiles along the stagnation line: T
translational temperature; TV vibrational temperature.
ulation provided by the CR calculations and the corresponding equilibrium
density, given by the Boltzmann distribution at the temperature TV . The
evolution of χ for the grouped level N(4), (composed of N(4),N(5),N(6) un-
grouped levels) is depicted in Figure 10.7. The upper part of the plot, shows
the value of the nonequilibrium factor for the optically thick case (α = 0),
as opposed to the lower part, which displays results obtained assuming an
optically thin medium.
Within the shock layer, we can observe a different behavior of the nonequi-
librium parameter, as a function of the optical thickness of the medium:
when radiative effects are accounted for, the value of χ is found to be far
below one, with the exclusion of the boundary layer region, where the over-
population factor is larger the one. When instead, the radiative processes
are discarded, we observe an higher value of the nonequilibrium factor, ow-
ing to the absence of the radiative transitions, which bring about a depletion
of the high lying states.
The comparison of the normalized populations 1 predicted by the COOL-
FluiD, at 1 cm from the shock, and the predictions obtained using the one
dimensional solver are shown in Figures 10.8. The results provided by the
1The population divided by the degeneracy.
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Figure 10.6: 1634 s. Comparison of the free electron number density:
optically thick case (upper part); the optically thin case (lower part).
simplified CR model are in reasonable agreement with the prediction deliv-
ered by Shocking, when using the detailed model. Although the population
predicted by COOLFluiD, exhibits a larger extent of nonequilibrium, the
main features of the electronic distribution function are reproduced. The
reasons for the small discrepancies are in part due to the finite thickness of
the shock, which introduces an uncertainty in the relative location of the
point under analysis, with respect to the one dimensional case.
As we move towards the wall the collisional processes tend to equilibrate
the electronic levels, approaching the Boltzmann distribution as shown in
Figure 10.9. As already demonstrated in section 6.2.5.3, the complete equi-
libration of the electronic states is not possible due to the optically thin
assumption, which causes deviation of the equilibrium distribution.
Boundary layer:
The value of the nonequilibrium factor, χ was found everywhere lower
then one, except in the boundary layer. Indeed, as the plasma approaches
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Figure 10.7: 1634 s. Nonequilibrium factor (χ = N(4)/N(4)EQ) as a func-
tion of the optical thickness: (upper part) optically thick case; (lower part)
optically thin case.
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Figure 10.8: 1634 s. Boltzmann diagram: N. Located at 1 cm from the
shock along the stagnation line.
the wall, the translational and vibrational temperatures drop, provoking the
freezing of the internal energy modes. The situation is similar to the ex-
panding flows, discussed in chapter 8.
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Figure 10.9: 1634 s. Boltzmann plot atomic nitrogen in correspondence of
the boundary layer edge.
If we observe the behavior of the nonequilibrium factor in Figure 10.10, we
may notice a sudden increase of χ close to the wall. Such increase is mainly
due to the drop in the equilibrium value of NEQ(4) caused by the sudden
reduction of TV . Different is the behavior of the population of the excited
states predicted by the CR model, which is insensitive to the cooling in the
boundary layer.
As expected the effects of radiation tend to reduce the overpopulation
within the boundary layer as shown in the same figure. The value of χ is
found to be two orders of magnitude larger for the optically thick case than
for the thin case.
In conclusion we observed a strong under-population of the excited states
of atomic species in the earlier part of the shock layer, which is in agreement
with the predictions obtained using the detailed model described in part II
of the manuscript. Also, the use of COOLFluiD hypersonic allow to inves-
tigate the behavior of the electronic levels within the boundary layer. The
results of such analysis demonstrate a strong overpopulation of the excited
states, suggesting that the assumption of equilibrium among vibrational and
electronic levels is not adequate to describe the behavior of the electronic
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tion line: N(4) grouped state.
states within the boundary layer.
Remarks In the preceding analysis the collision integrals for the estimation
of transport properties of the pseudo-species, have been assumed equal to
the ground state value. The accurate modeling of the transport properties
for excited species is discussed in Ref. [37].
10.4 3D simulations: Expert vehicle
In the following section, we briefly investigate effects of non-equilibrium
in the shock layer around the expert vehicle. The aim of the section is to
show the 3D capabilities of the COOLFluiD Hypersonic solver. A more
detailed analysis of the testcase to be presented can be found in Ref. [130].
The European re-entry vehicle expert (EXPERimental Re-entry Test-
bed) [123] is part of the ESA’s research program aiming at designing a low
cost hypersonic flight experiment aerothermodynamic phenomena and thus
provide real flight database for the validation of the numerical codes.
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The conventional multi-temperature approach(T , TvN2 , TvO2) with a sep-
arate temperature for N2 and O2 molecules will be employed to simulate
the non equilibrium relaxation. The need for additional temperatures is
due to the different vibrational relaxation, characteristics of the different
molecules considered. For instance, nitric oxygen quickly equilibrate[75]
with the translational temperature as opposed to molecular nitrogen, which
needs longer time.
Also, in order to better describe the influence of the vibration on the che-
mical kinetics, we introduce the model of Knab[95]. It is important to stress
that this model accounts for the influence of vibration on the dissociation
reactions and on other reactions such as exchange reactions.
A 5-species air mixture was employed due to computational constraints,
and the macroscopic kinetic model of Park [146] was selected to account for
the reactions taking place within the shock layer.
The results to be presented shortly, concern the investigation of a point
in the early part of the trajectory followed by expert during the re-entry
phase. This point has been chosen in order to investigate flow conditions
characterized by a strong thermal and chemical nonequilibrium. The flight
conditions relative to the point in the trajectory are shown in Tab.(10.1).
Table 10.1: Flight conditions.
Mach 18.4
Pressure [Pa] 2
Speed [m/sec] 5040.0
Temperature [K] 186.4
Wall Temperature [K] 1650
This 3D computation was run in parallel on a 3.3 million hexaedra mesh
(generated by Fabio Pinna), on up to 316 AMD64 processors on KU Leuven
cluster. The surface mesh is presented in Figure 10.11-10.12b.
The full three dimensional temperature fields are shown in Figures 10.13
to 10.15. The peak in translational temperature (Figure 10.13), slightly
higher than 12100 K, is justified by the low speed conditions which charac-
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Figure 10.11: Global view of the wall surface mesh for the expert vehicle.
(a) Zoom on the wall and mirror mesh sur-
faces near the nose
(b) Zoom on the wall and mirror mesh sur-
faces near one flap
Figure 10.12: Detailed views on the surface mesh for the expert vehicle.
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Figure 10.13: Ro-translational temperature on the expert vehicle.
terized the flight condition under investigation. Nevertheless owing to the
extremely low pressure, strong thermal nonequilibrium effects are present
in the shock layer. The analysis of the contours and isolines of vibrational
temperature of N2 in Figure 10.14 reveals the strong nonequilibrium with
the translational energy mode. The maximum in the post-shock vibrational
temperature of N2 is about 6300 K, exceeds the corresponding value in the
vibrational temperature of O2, presented in Figure 10.15, which exhibits a
maximum of 5100 K.
The flight conditions extrapolated from the reentry trajectory of the ex-
pert vehicle have been analyzed by means of a 3D Navier Stokes calcu-
lation, in order to highlight the thermal and chemical nonequilibrium ef-
fects. The results presented clearly demonstrate the 3D capabilities of the
COOLFluiD Hypersonic solver, whose development was one of the goal of
the present project.
Summary
The chapter discusses an application of simplified Collisional Radiative model,
developed in Chapter 9, to the flow surrounding the fire ii vehicle in the
early part of re-entry trajectory, using COOLFluiD Hypersonic, a Navier
Stokes solver extended in the framework of this project, to the simulation of
chemically reacting flows. The detailed analysis of the characteristic flow-
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Figure 10.14: Vibrational temperature of N2 field on the expert vehicle.
Figure 10.15: Vibrational temperature of O2 field on the expert vehicle.
field quantities is complemented by a more detailed investigation of the
electronic energy distribution function of the atomic nitrogen.
The investigation shows a strong depopulation of the excited states of
atomic nitrogen in the post shock region, as opposed to the boundary layer
area which exhibits a strong overpopulation of the atomic excited states.
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Also, a validation of the multitemperature model with the results pro-
duced by laura code and a brief analysis of the 3D flowfield in the shock
layer of the expert vehicle are presented. In particular the latter analysis
demonstrate the 3D capabilities of the Navier Stokes solver when applied to
low speed re-entry cases.
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Chapter 11
Conclusions and future research
In this last chapter, the achievements, the contributions to the field as well
as the recommendations for future research are discussed.
The numerical modeling of the chemical reacting flows, requires the solu-
tion of the well known Navier-Stokes equations, complemented by additional
conservation equations. The number of equations needed, in general, de-
pends on the assumptions made and on the degree of approximation used in
the modeling of the physical phenomena and can be large in sophisticated
approaches such as in state to state or collisional radiative [38, 107, 151]
models, or significantly reduced as in multitemperature models [24, 33, 138].
Following the historical evolution of the models for the description of
nonequilibrium high enthalpy flows, the first part of the manuscript gives
a review of the state of the art multitemperature models, with particular
attention to the interaction of kinetics and excitation of the internal energy
modes. Also, two simplified flow solvers are presented and used as a bench-
mark to test the physical models studied: shocking, which simulates the
thermal and chemical relaxation behind a strong normal shock; nozzle code,
which reproduces the physical and chemical effects in the relaxing flow in a
nozzle, within the quasi-one dimensional approximation.
Owing to their computational efficiency, these models have demonstrate
to be invaluable tools for the testing of the more sophisticated and advanced
collisional radiative models, analyzed in the second part of the manuscript.
Although based on very simple physical representation of dynamics of the
flow, which neglects the viscous nature of the fluid, shocking has shown
to be capable of reproducing the most complicated non-Boltzmann effects
occurring in strong nonequilibrium flows as well as the radiative signature
of shock heated air, generated in high enthalpy shock tubes, allowing for a
validation of the physical models.
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The insights gained thanks to the detailed analysis of the nonequilibrium
flows, allowed to synthesize an approximate CR model, drastically reducing
the computational effort and keeping the accuracy of the more sophisticated
CR models. The final step in the project consists in the implementation of
the simplified collisional radiative and multitemperature models in the mul-
tidimensional CFD solver, which allow for a more realistic representation of
the flow features. To this end, COOLFluiD Hypersonic, a multitempera-
ture unstructured 3D-Navier-Stokes code, has been successfully developed
and validated against results available in literature.
Mutation-2.0
Mutation is an electronic library developed for the estimation of the ther-
modynamic, transport properties and chemistry, of thermal plasmas and
was written by T. Magin [114]. In the framework of this work Mutation
was extended to the modeling of nonequilibrium plasmas, within the multi-
temperature or state to state approximation. The state-of-the-art multitem-
perature models have been successfully implemented, tested and validated
against literature and experimental results. The detailed and approximate
electronic CR models have been included in the library, which can account
for non-Boltzmann effects in air mixture as well as CO2 and Titan mixture,
given the flexibility of the implementation.
Also, an accurate thermodynamic model for the partitioning of the inter-
nal energy into vibrational, rotational, and electronic contributions, consis-
tently accounting for the non-separable nature of the various energy modes,
was also included in the library.
Accomplishments
Part 1: multitemperature models
Nonequilibrium plasma flows are often described by means of multitempera-
tures models. Under non equilibrium, the internal energy modes do not have
time to equilibrate among each other and one temperature is not sufficient
to describe the state of the gas. Thus, assuming that the populations of in-
ternal energy states follow a Boltzmann distribution, different temperatures
are employed to model the relaxation of the energy modes to a common
temperature. The system of governing equations, describing gases under
Chapter 11. Conclusions and future research 247
thermal and chemical nonequilibrium, requires the definition of the thermo-
dynamic, transport properties, chemical reaction rates and energy exchange
terms of the studied gas mixture.
Thermodynamic properties
Thermodynamic properties of individual species are computed by means
of the semi-classical statistical mechanics. In particular, when describing
the thermodynamic properties of diatomic species, two different approaches
can be followed: a first approach, referred to as approximate model in the
following, based on the simplifying assumption of rigid rotor and harmonic
oscillator and a second model, more accurate, termed accurate model in the
following, which accounts for anharmonicity effects and coupling between
vibration and rotation. Both formulations are general and can be used in
equilibrium as well as in non equilibrium situations. The limit of validity of
these models is dictated by the limit of applicability of the multitemperature
approaches and it is restricted therefore to small departures from equilib-
rium, when distributions of the internal modes are still Boltzmann. When
performing calculations with the accurate model, a special treatment of the
thermodynamic properties is required due to the fact that internal energy
modes are strictly coupled to each other and are relaxing according to dif-
ferent temperatures, as prescribed by Jaffe in Ref. [91]. This formulation
leads to a definition of internal energies which are dependent on all internal
temperatures, accounting in this way for the influence of the modes on each
other. The computational effort needed to use this formulation in CFD sol-
vers, is cumbersome and thus it was used only for validation purposes.
Although a direct comparison of the approximate model with the more ac-
curate model, for a range of temperatures compatible with hypersonic entry
calculations (i.e. 300−50 000 K), revealed strong differences in terms of spe-
cific heats and enthalpy of the diatoms, the effects of such discrepancies on
the characteristic flowfield quantities, assessed using simplified flow-solvers,
was found to be negligibly small. Hence since the approximate model offers
better performances in terms of computational efficiency, it has been used
in the present study.
Energy exchanges
In the present work, particular emphasis was given to the modeling of the
exchange mechanisms between the internal energy modes. An accurate re-
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view of the different models present in literature was performed and a series
of tests for different flow typologies were carried out in order to assess their
reliability and in particular their range of applicability.
Thermal nonequilibrium models are distinguished by the way they de-
scribe the interaction among the excitation of the internal energy modes
and the macroscopic kinetic mechanisms employed. Particular attention
was paid to the modeling of the mutual interaction among dissociation and
vibration. In the literature two different classes of models can be iden-
tified: preferential and non-preferential dissociation models. The models
of Treanor [116], Knab [96], Macheret [111] fall into this category, whereas
Candler’s model [33] constitutes one example of non-preferential dissociation
model. The analysis performed led us to the conclusion that the vibration-
chemistry interaction based on the preferential dissociation model causes a
reduction of the thermal and chemical relaxation rate, with respect to the
non preferential dissociation models.
Part 2: collisional radiative models
The effects of non-Boltzmann distribution of the atomic and molecular elec-
tronic levels have been accounted for by means of collisional-radiative model.
The model adopted combines a state specific approach to determine the pop-
ulation of the electronic energy levels and multitemperature approach for the
rotational and vibrational energy modes. The nonequilibrium models devel-
oped, used in fully coupled manner with the three different flowfield solver,
have been applied to the fire ii flight experiment, the east experimental
campaign and nozzle of the VKI Minitorch, aiming to study the effects of
the non-Boltzmann population distributions.
fire ii: atoms
The departures of the atomic electronic energy populations from Boltz-
mann distributions for one dimensional air flows obtained in a shock-tube,
have been investigated. The operating conditions are taken from three points
in the trajectory of the fire ii flight experiment at 1634 s, 1636 s, and 1643
s elapsed time from the launch. We have found that, for the first two points
of the trajectory (1634 s and 1636 s), the electronic energy level populations
of the N and O atoms depart from Boltzmann distributions since the high ly-
ing bound electronic states are depleted. The analysis of the last trajectory
point (1643 s) reveals instead a Boltzmann distribution among the electronic
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levels. An analysis of the state of the flow for the first flight condition (1634
s) led us to the conclusion that the excited species of atoms satisfy the
quasi-steady-state assumption, except for the two metastable states. As a
consequence, the global rate coefficients and free electron energy loss terms
could be derived in the steady state based on our model, considering how-
ever the metastable states as separate pseudo-species governed by their own
chemical-kinetic mechanism.
Moreover, the validity of the standard QSS approach widely used by the
aerospace community has been tested; the results obtained by means of our
full CR model and the standard QSS model are found in good agreement.
It is important to mention that the full CR model is more general, since
the parameters governing the free-electron energy losses by electron impact
ionization are obtained from the expressions for the reaction rates intrinsic
to the model, without any a priori hypothesis.
Finally, we have shown that the populations of high-lying excited states of
atoms obtained by using the rates of Park [138] for electron-impact excita-
tion and ionization reactions are up to two orders of magnitude higher than
the populations obtained by using the rates of Bultel et al. [27], consistent
with the result of Johnston [93].
Shock Tube experiments: east
This study was committed to the partial validation of the collisional-
radiative model against recent experimental data. The behavior of the elec-
tronically excited states of the atoms in the one dimensional air flows ob-
tained in a shock-tube, has been discussed. The operating conditions have
been taken from the test campaign carried out at NASA Ames on the east
facility. We have compared the radiative intensity profiles with the exper-
imental data provided in Ref. [92]. We found good agreement for the low
pressure runs (0.1 torr), where the flow is in strong nonequilibrium and for
the high pressure runs (0.3 torr), where the post-shock population density
of the excited states follows a Boltzmann distribution.
Differences have been found for one of the low pressure tests, where the ra-
diative overshoot was under-predicted by the baseline model tested (abba).
An alternative set of reaction constants, partially based on the work of Frost
et al. [62], have been proposed for the excitation and ionization of atomic
species by electron impact. The use of the improved kinetic model have
reduced the discrepancies with the experimental data, being the differences
in the most unfavorable case less than 50%.
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fire ii: atoms and molecules
The analysis of the early part of the trajectory of the fire ii flight ex-
periment was carried out with detailed CR model for atomic and molecular
species. The behavior of the atomic species showed strong departures from
the population of the excited states as previously discussed. Departures
in the population of the electronic states of the molecules were in general
limited to a narrow zone close to the shock front, although the extent of
nonequilibrium was found to be strongly dependent on the set of kinetic
mechanisms selected, for some key electronic transitions. For instance, the
use of Teulet’s rate constants [171] led to small departure from equilibrium
distribution, as opposed to the model of Gorelov [73], which predicted a
strong depletion of the population of the excited states. Furthermore a
comparison with the more recent model of Park revealed a rather good
agreement for predictions involving molecules as opposed to the results re-
lated to the electronic levels of the atoms, which show discrepancies.
Also, several physical phenomena occurring in the shock layer of a space-
craft re-entering at high re-entry speed were investigated. The main conclu-
sions are listed hereafter:
• The vibration-dissociation coupling was found to have a small influence
on the results, since at high speed the dissociation does occur from all
the vibrational levels and it is not restricted to the upper vibrational
levels. In other words there is not a preferential way for the molecules
to dissociate.
• The influence of the optical thickness of the medium on the results,
modeled in a crude manner making use of escape factors, put forward
the need for a coupling of radiation and flowfield calculation, given the
influence of the radiative processes on the electron energy distribution
function and on the thermo-physical properties of the plasma.
• The influence of the precursor phenomena on the thermo-physical state
of the shock layer, was found to be negligible for the typical lunar en-
try conditions. Similar are the conclusions concerning the processes
involving the excitation of the heavy particles, which were found neg-
ligible respect to the interaction with the free-electrons.
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VKI Minitorch
The analysis of the plasma during the expansion in the nozzle of the VKI
Minitorch facility was studied using an electronically specific collisional ra-
diative model for air plasmas. Departures of the electronic state distribution
function of atoms and molecules from the Maxwell-Boltzmann distribution
were found at the outlet of the nozzle. Also, the use of escape factors for
the modeling of the optical thickness of the plasma, has shown the relevance
influence of radiation on the results. When the medium was considered op-
tically thick the electronic states of the atoms and molecules were found
strongly depopulated. However when the medium was assumed optically
thin, a strong reduction of the over-population of the electronic levels was
shown. In particular the population of some electronic states of atomic
species, from which the highly energetic atomic lines originates, were found
underpopulated with respect to the Boltzmann population.
Approximate CR model
The proper modeling of the radiative and kinetic processes occurring in
nonequilibrium plasmas, requires the use of a large number of equations,
restricting the use of CR model to 1D or 0D calculations. To this end an
efficient and accurate model for the simulation of the nonequilibrium plasma
flows was developed, in order to account for non-Boltzmann distribution in
multidimensional CFD solver, preserving the computational efficiency of
the multitemperature models. The approximate model, for the electronic
levels of the atomic species was developed, lumping the excited states in
macroscopic groups, with a consequent drastic reduction of pseudo-species
to be accounted for. A direct comparison against the detailed CR model
has demonstrated the accuracy of the model.
Part 3: COOLFluiD hypersonic
The approximate CR model previously discussed, was successfully applied
to COOLFluiD Hypersonic. The extension of the multitemperature mod-
els did not require any major change in the solver, being the modifications
limited to the inclusion of additional conservation equations for the pseudo-
species.
The hybrid CR/Multitemperature models developed in the framework of
this work allowed to successfully model the strong nonequilibrium effects,
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present in the early part of the fire ii trajectory, accounting for the de-
population of the excited states of the atomic species, due to ionizational
nonequilibrium effects. Also, the computational efficiency of the multitem-
perature models, was successfully combined with the accuracy of the colli-
sional radiative model.
Future work
The recommendations for future research are discussed.
Coupling with radiation
Radiation may have a strong influence on the state of the gas and the ac-
curate coupling with flowfield solver is desirable in case of high speed re-
entries. The coupling with radiation would allow to accurately define the
escape factors in the master equations and the source term QRad in the
energy conservation equation, which account for the radiative cooling ef-
fects. The radiative transport equation is to be solved fully coupled with
the master equations for the kinetics, momentum and energy conservation
equations. Owing to the large computational resources needed to estimate
the radiative properties of the medium, i.e. adsorption and emission coeffi-
cients, the radiative transport equation is to be solved in a loosely coupled
manner as indicated in Ref. [82].
Nitrogen dissociation
In the past, physical models for nonequilibrium phenomena have been de-
veloped, based on experimental data obtained in high enthalpy facilities,
such as shock-tube wind-tunnels, for specific flight conditions. The problem
with this methodology is that the models can contain many uncertainties
that can be extremely difficult to quantify. Recently, the computational
chemists have embarked on an alternate solution, namely the characteriza-
tion of nonequilibrium chemistry from first principles. The implementation
of this set of reaction rates into a one dimensional fluid code is a necessary
step towards the future development of simplified mechanisms for three di-
mensional simulations of atmospheric entry flows.
The work carried out at Stanford in the framework of the CTR summer
program and published in Ref. [25], constitutes a first step toward the devel-
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opment of a simplified mechanism for 3-D simulations of atmospheric entry
flows.
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Appendix A
Collisional Radiative model: data
A.1 Electronic levels
The the electronic levels for the atomic species are listed in Table A.1,
indicating the energy Ek, degeneracy gk and the second quantum number
lk to distinguish the optically forbidden and allowed transitions. The list of
the states was taken by Ref. [22, 23].
Table A.1: Index, energy, degeneracy, and secondary quantum number
for the N and O electronic energy states considered.
k for N(k) Ek (eV) gk lk k for O(k) Ek (eV) gk lk
1 0.000 4 1 1 0.000 9 1
2 2.384 10 1 2 1.970 5 1
3 3.576 6 1 3 4.190 1 1
4 10.332 12 0 4 9.146 5 0
5 10.687 6 0 5 9.521 3 0
6 10.927 12 1 6 10.740 15 1
7 11.603 2 1 7 10.990 9 1
8 11.759 20 1 8 11.838 5 0
9 11.842 12 1 9 11.930 3 0
10 11.996 4 1 10 12.090 25 2
11 12.006 10 1 11 12.100 15 2
12 12.125 6 1 12 12.300 15 1
13 12.357 10 0 13 12.370 9 1
14 12.856 12 0 14 12.550 15 0
15 12.919 6 0 15 12.670 5 0
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k for N(k) Ek (eV) gk lk k for O(k) Ek (eV) gk lk
16 12.972 6 2 16 12.710 3 0
17 12.984 28 2 17 12.740 5 0
18 13.000 26 2 18 12.760 25 2
19 13.020 20 2 19 12.770 15 2
20 13.035 10 2 20 12.780 56 3
21 13.202 2 1 21 12.860 15 1
22 13.245 20 1 22 12.890 9 1
23 13.268 12 1 23 13.030 5 0
24 13.294 10 1 24 13.050 3 0
25 13.322 4 1 25 13.080 40 2
26 13.343 6 1 26 13.087 56 3
27 13.624 12 0 27 13.130 15 1
28 13.648 6 0 28 13.140 9 1
29 13.679 90 2 29 13.220 5 0
30 13.693 126 3 30 13.230 3 0
31 13.717 24 1 31 13.250 168 2
32 13.770 2 1 32 13.330 5 0
33 13.792 38 1 33 13.340 3 0
34 13.824 4 1 34 13.353 96 2
35 13.872 10 1 35 13.412 8 0
36 13.925 6 1 36 13.418 40 2
37 13.969 18 0 37 13.459 8 0
38 13.988 60 2 38 13.464 40 2
39 13.999 126 3 39 13.493 3 0
40 14.054 32 1 40 13.496 40 2
41 14.149 18 0
42 14.160 90 2
43 14.164 126 3
44 14.202 20 1
45 14.260 108 0
46 14.316 18 0
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Table A.2: Probability Ai→j for N(i)→ N(j < i) +hν and O(i)→ O(j <
i) + hν spontaneous emission.
i for N(i) j for N(j) Ai→j(s−1) i for O(i) j for O(j) Ai→j(s−1)
6 1 2.30× 108 5 1 3.80× 108
4 1 5.40× 108 9 1 1.77× 108
5 2 5.50× 108 11 1 0.38× 108
5 3 2.00× 108 14 1 2.30× 108
13 2 4.60× 108 19 1 6.77× 107
13 3 0.52× 108 17 2 4.50× 108
10 6 4.05× 106 6 4 0.34× 108
17 2 8.60× 103 12 4 3.26× 105
18 2 0.65× 108 7 5 0.28× 108
20 2 0.47× 108 13 5 6.60× 105
16 3 1.30× 108 8 6 2.72× 107
18 3 5.80× 103 10 6 4.19× 107
20 3 1.30× 108 15 6 0.71× 107
15 2 1.10× 108 18 6 7.01× 106
15 3 0.20× 108 23 6 3.05× 106
22 6 0.25× 106 25 6 1.23× 106
23 6 0.37× 106 9 7 1.88× 107
25 6 0.43× 106 11 7 2.35× 107
28 2 0.33× 108 14 7 2.90× 107
8 4 0.19× 108 16 7 0.62× 107
9 4 2.28× 107 19 7 3.25× 106
10 4 3.18× 107 24 7 2.34× 106
A.2 Einstein coefficients
We have taken into account 45 spontaneous emission lines for N and 24 for
O with an Einstein probability higher than 5 10−3 s−1 for N and 3 105 s−1
for O. The data are taken from nist.
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i for N(i) j for N(j) Ai→j(s−1) i for O(i) j for O(j) Ai→j(s−1)
11 5 2.17× 107 12 8 4.50× 106
12 5 2.86× 107 12 10 4.70× 105
31 5 1.70× 106
31 13 1.59× 107
22 4 0.02× 108
23 4 0.73× 107
25 4 0.25× 107
21 5 2.34× 106
16 7 2.56× 107
17 8 3.73× 107
19 8 9.92× 106
17 9 7.46× 104
18 9 6.30× 106
19 9 2.48× 107
18 10 5.72× 106
18 11 1.16× 107
20 11 0.06× 108
14 8 1.47× 107
14 9 0.76× 107
27 8 3.89× 106
27 9 2.12× 106
38 7 2.30× 105
37 9 6.10× 105
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Table A.3: Nitrogen. Rate constant for electron impact excitation Ki→j .
i for N(i) j for N(j) A η Tx
1 2 3.30e− 08 −0.109 39452.44
1 3 8.77e− 09 −0.084 43417.07
1 4 2.79e− 04 −0.876 123410.45
1 5 3.45e− 09 −0.091 125411.13
1 6 1.12e− 07 −0.224 127800.78
1 7 6.62e− 09 −0.234 139453.98
1 8 1.28e− 08 −0.138 137729.63
1 9 1.71e− 10 0.206 138658.06
1 10 8.47e− 10 0.205 142252.22
1 11 1.85e− 08 −0.239 144791.64
1 12 2.75e− 08 −0.320 148734.44
1 13 1.24e− 10 −0.041 144053.49
1 16 6.80e− 10 −0.074 154418.32
1 17 3.39e− 09 −0.089 154637.63
1 18 2.75e− 11 0.260 154754.30
1 19 9.70e− 10 −0.020 155288.94
1 20 5.39e12 −4.517 205389.51
1 30 8.11e− 10 0.031 165586.16
1 36 1.05e− 10 0.128 168085.09
A.3 Rate coefficients
Frost et al. in Ref. [62] compiled a new set of inelastic cross sections for
atomic and ionized nitrogen. The data-set was obtained using the R-matrix
method and it validated using spectroscopic measurements in the visible
and Vacuum Ultra Violet (vuv) wavelength range using low pressure arc
plasmas. The inelastic transitions studied involve the excitation from the
ground state and two metastable states to the first 23 states of atomic ni-
trogen.
The rate constants provided by Frost have been fitted in Arrhenius form
using a least squared method and are available in Table A.3. Do not use the
rates for free electron temperatures larger than 20 000 K.
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i for N(i) j for N(j) A η Tx
2 3 1.11e− 06 −0.376 25119.09
2 4 8.31e− 07 −0.538 94851.73
2 5 5.21e− 09 0.029 96963.27
2 6 5.21e− 06 −0.661 104196.28
2 7 4.08e− 06 −0.808 110316.60
2 8 1.38e− 08 −0.194 111609.39
2 9 3.41e− 08 −0.319 113259.37
2 10 1.11e− 07 −0.526 118210.59
2 11 4.52e− 09 0.092 112224.58
2 12 1.11e− 11 0.425 113569.51
2 13 4.42e− 10 0.266 115515.53
2 16 6.51e− 11 0.138 125342.31
2 17 4.70e− 09 −0.154 126137.38
2 18 3.25e− 10 0.275 125733.55
2 19 7.05e− 09 −0.258 126669.46
2 20 1.59e− 10 0.226 126307.33
2 30 8.36e− 09 0.008 136402.69
2 36 7.24e− 08 −0.393 144960.52
3 4 3.54e− 07 −0.442 80525.13
3 5 5.10e− 09 0.046 82469.90
3 6 1.43e− 05 −0.744 90736.93
3 7 1.64e− 08 −0.353 98613.73
3 8 6.25e− 07 −0.530 97954.63
3 9 2.83e− 07 −0.494 98276.46
3 10 3.22e− 09 −0.295 100461.21
3 11 1.63e− 09 0.023 97855.92
3 12 9.40e− 10 0.264 101459.10
3 13 2.09e− 09 0.064 104494.52
3 16 1.10e− 10 0.310 111505.82
3 17 1.98e− 09 −0.086 112538.98
3 18 6.95e− 10 0.078 112118.80
3 19 5.52e− 09 −0.151 112649.10
3 20 3.31e− 10 0.312 112386.89
3 30 1.17e− 08 −0.204 125641.08
3 36 2.78e− 09 0.097 124619.59
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